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ABSTRACT: DNA nanotechnology is a unique field, where physics, chemistry, biology,
mathematics, engineering, and materials science can elegantly converge. Since the original
proposal of Nadrian Seeman, significant advances have been achieved in the past four
decades. During this glory time, the DNA origami technique developed by Paul Rothemund
further pushed the field forward with a vigorous momentum, fostering a plethora of
concepts, models, methodologies, and applications that were not thought of before. This
review focuses on the recent progress in DNA origami-engineered nanomaterials in the past
five years, outlining the exciting achievements as well as the unexplored research avenues.
We believe that the spirit and assets that Seeman left for scientists will continue to bring
interdisciplinary innovations and useful applications to this field in the next decade.
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1. INTRODUCTION
Molecular self-assembly plays a fundamental role in the
structural complexity and functionality of biological systems.
Nature evolves sophisticated ways to self-assemble information-
carrying materials into well-organized cellular architectures from
the nanoscale to the microscale. In particular, the cell can be
viewed as a biological factory containing various molecular
machines that work in concert. The ultimate goal of synthetic
biology is to build biological mimics that can complete
individual tasks as well as support artificial signaling and
communication in a fully controllable manner. In comparison to
proteins or other biomolecules, DNA is ideally suited for
constructing biological mimics or, more broadly speaking,
functional structures and materials by molecular self-assembly
due to many reasons. First, DNA has a well-defined B-form
structure: a right-handed double helix formed by two
complementary single strands with 10.5 bases per helical turn
and about 2 nm in diameter. Second, DNA strands undergo
predictable interactions. Single-strandedDNA (ssDNA) hybrid-
izes into a double helix following the Watson−Crick base
pairing, where A pairs with T and G pairs with C. Third, facile
synthesis and chemical stability of DNA render many practical
applications possible. Fourth, DNA can be readily modified and
functionalized with a variety of nanoscale entities that possess
interesting biological, chemical, magnetic, electrical, or optical
properties. Fifth, DNA self-assembly is a highly parallel bottom-
up fabricationmethod with spatial accuracy and resolution at the
nanoscale. Sixth, dynamic DNA structures exhibit excellent
spatiotemporal responses to a multitude of external stimuli with
the inherent sequence specificity, programmability, and
addressability of DNA.
The idea of using nucleic acids, the primary genetic material in

cells, as building blocks for the construction of functional
structures and materials was conceived by Nadrian Seeman in
1982.1 In the past four decades, the field of DNA nano-
technology has made significant advances, from assemblies of
small DNA motifs to giant DNA superstructures of gigadalton
molecular weight, from static to complex dynamic structures in
response to environmental factors, and from unmodified DNA/
RNA nanostructures to functional constructs for a wide range of
applications in biomedical engineering, drug delivery and
therapy, nanophotonics and electronics, energy harvesting and

transfer, biochemical sensing, super-resolution imaging, nano-
machinery, biomimetics, and synthetic cells. A plethora of
nucleic acid self-assembly approaches have been developed,
enabling the creation of complex DNA assemblies and novel
hybrid nanomaterials from one dimension (1D) to two and
three dimensions (2D and 3D).Meanwhile, the nucleic acid self-
assembly mechanisms have also been better elucidated,
facilitating the design, prediction, simulation, and optimization
of diverse DNA-based systems.
This review focuses on the most recent advances in DNA-

origami-based nanomaterials, including DNA assemblies, super-
structures, nanodevices, functional hybrid systems, and many
others in the recent five years. Previous important achievements
have been discussed in the reviews by Hong et al.2 and others.3,4

Our review is structured as follows (see Figure 1). We start with
a brief overview of the milestones in DNA self-assembly,
followed by a comprehensive presentation of the recent
breakthroughs in self-assembly methodologies and advanced
DNA architectures. Subsequently, we recapitulate the working
mechanisms and experimental realizations of DNA origami-
templated functional nanomaterials, ranging from inorganic
nanoclusters to biologically relevant molecules. Furthermore, we
summarize the recent progress in bridging DNA nano-
technology with other research fields, such as drug delivery
and nanomedicine, membrane biology, and nanophotonics.
Finally, we finish this review with conclusions and an outlook to
highlight the future avenues and promising directions in this
vigorous, multidisciplinary field.

2. DNA SELF-ASSEMBLY

2.1. Brief Overview of the Milestones

In 1982, Seeman realized that the branched DNA junctions
could be connected into a 3D crystalline scaffold through DNA
hybridization of single-stranded overhangs for protein crystallo-
graphic studies (Figure 2A). This conception laid the foundation
of DNA nanotechnology. Nevertheless, naturally occurring
branched DNA junctions often suffer from conformational
instability due to branchmigration induced by internal sequence
symmetry. To circumvent this issue, in 1983 Seeman showed
that the branch migration could be eliminated by using unique
sequences on the DNA junctions to yield immobile Holliday
junctions.5 The immobile DNA branched junctions make DNA
an ideal construction material to build DNA nanoobjects
through single-stranded sticky ends. Following this strategy,
many DNA nanostructures, such as 3D DNA cubes,6 truncated
octahedrons,7 and Borromean rings8 were created by connecting
the branched DNA junctions. However, these branched
junctions were relatively flexible, and the resulting DNA
structures generally had very low rigidity. Later, Seeman and
co-workers developed double-crossover (DX) molecules,9,10

which comprised two double helices connected through
crossovers. The DX molecules are also called DX tiles, which
are stiffer than a single DNA helix. The DX tiles were
successfully constructed into periodic 2D lattices and tubes
(Figure 2B).11,12 Since then, several other DNA tiles were also
demonstrated, such as triple-crossover tiles,13 four-helix tiles,14

eight-helix tiles, 12-helix tiles,15 parallelogram tiles,16 cross-
shaped DNA tiles,17 triangular motifs,18−20 and three-point star
motifs.21 These DNA motifs significantly enriched the toolbox
to design DNA nanostructures. On the other hand, the self-
assembly of DNA tiles usually leads to DNA structures with
uncontrolled sizes because DNA tiles repeatedly participate in
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the assembly process. The resulting DNA structures have thus
low addressability, limiting site-specific modifications of DNA
structures for many applications. It is also possible to assemble
DNA tiles with unique sequences into finite structures with
addressability. For instance, a 10-tile array and a 16-tile array
were created using cross-shaped DNA tiles.22,23 However,
general methods to designing finite and addressable structures of
arbitrary shapes were highly desirable.
To this end, two important strategies were developed. The

first one was DNA origami realized by PaulW. K. Rothemund in
2006.24 As shown in Figure 2C, long ssDNA as a scaffold is
folded by hundreds of short synthetic DNA strands, called
staples, into prescribed shapes. It is worth mentioning that
before the era of DNA origami, early works also explored the use
of long ssDNA for assembling DNA structures. For example,
Yan et al. assembled DNA nanostructures by connecting
multiple DNA tiles with a ligated scaffold.25 Shih et al. used
1669-nt long ssDNA to self-assemble into an octahedron
wireframe nanostructure with five other short DNA strands.26

These works provided inspirations for the development of DNA
origami, which is a milestone in DNA nanotechnology and has
significantly advanced the field. In Rothemund’s original paper,
various 2D origami shapes were created, including square,
rectangle, star, smiley face (Figure 2D), and triangle. Later, Shih

and co-workers introduced 3D DNA origami by packing
multilayers of DNA helices into a honeycomb lattice (Figure
2E).27 The caDNAno software was also developed,28 making the
design process much more convenient. The multilayer DNA
origami was later extended to form square (Figure 2F),29

hexagonal, and hybrid lattices (Figure 2G).30 By controlling the
curvature and the DNA helix length, twisted and curved DNA
origami were realized (Figure 2H).31 Using a different strategy,
Han et al. achieved 3D curvatures by bending double DNA
helices to follow the rounded contours of the target object and
then adjusted the position and pattern of crossovers to follow the
natural twist density (Figure 2I).32 Furthermore, DNA origami
with crossed DNA helices using four-way junctions was reported
and it greatly facilitated the design of DNA wireframe structures
(Figure 2J).33 Zhang et al. extended this strategy using multiarm
junctions, creating more complex wireframe structures (Figure
2K).34 Nevertheless, this method required complex routing of
the scaffold. Two computational algorithms for wireframe
polyhedrons were developed to solve this problem (Figures 2L
and 2M).35,36 A 3D target geometry can be rendered by routing
the DNA scaffold on the surface, followed by an appropriate
arrangement of DNA staples. To construct large structures, Yin
and co-workers usedDNA origami tripods as the building blocks

Figure 1. Schematic of DNA origami-engineered nanomaterials and applications.
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Figure 2. Overview of fundamental achievements in structural DNA nanotechnology. (A) A proposed 3D DNA crystal that is self-assembled from a
branched DNA motif for protein organization. (B) Double-crossover DNA motif and the assembled 2D lattice imaged by AFM. Scale bar: 300 nm.
Reproduced with permission from ref 11. Copyright 1998Macmillan Publishing Ltd. (C)DNA origami assembly. A single-stranded scaffold of DNA is
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to build wireframe polyhedrons with edges over 100 nm in
length (Figure 2N).37

The second strategy for constructing addressable DNA
structures is the modular assembly of DNA structures by
ssDNA tiles (SSTs). Unlike the tiles containing a structure body
and sticky ends on both ends, SSTs only comprise four
concatenated sticky ends, and different SSTs can bind together
through the floppy sticky ends. Yin et al. initially used SSTs to
assemble DNA nanotubes with different circumferences.38 The
authors later extended the SSTs for assembling different 2D and
3D DNA nanostructures.39−41 Due to the modularity of this
method, DNA nanoobjects of various shapes can be assembled
from a complete set of master strands (Figures 2O and 2P).
2.2. Scaffolded Self-Assembly

2.2.1. Design Principles. DNA origami enables the self-
assembly of prescribed DNA nanoobjects from the bottom up.
The design principle of DNA origami is that multiple short
synthetic DNA strands bind to different regions of the DNA
scaffold and fold it into a prescribed shape. This method is also
called scaffolded self-assembly. The procedures for designing an
arbitrary single-layer DNA origami are as follows. The target
shape of a DNA nanostructure is converted into cylinders, which
represent the DNA double helices. Next, these cylinders are
connected by crossovers with an interval of 1.5 helical turns. The
DNA scaffold continuously routes through each helix. Its
complementary strand is divided into short DNA strands as
staples, typically in the range of 15−60 nucleotides (nt’s). For
designing multilayered DNA origami, a 3D structure can be
viewed as folding single-layered origami into multilayers. The
cross-section of the DNA helices can be packed into a
honeycomb, square, or hexagonal lattice. The DNA helices
both from the same layer and between the two layers are
connected by crossovers at the permitted positions. Depending
on the type of the cross-section pattern of the helices, the angles
between adjacent crossovers are varied according to the
parameter of the DNA helix (34.3° twist per base pair or 21
base pairs every two turns). The angle is 120° for the
honeycomb lattice, 60° for the hexagonal lattice, and 0° or 90°
(0° is for the helices within the same plane, and 90° is for the
helices between two planes) for the square lattice. The staples on
both helical edges can be extended to avoid nonspecific
multimer aggregations or act as connectors to form multimers.
For an arbitrary shape, there could bemultiple routing pathways,
which can lead to different assembly yields. Different long
ssDNA can be used as scaffolds, although the most commonly

used one is the M13 virus genome (7249-nt long circular
ssDNA). It was chosen and used by Rothemund due to its well-
identified sequence and commercial availability.24 After the
design process, the sequences of the staples are generated based
on the scaffold sequences, following the Watson−Crick base
pairing rule. The target DNA nanostructures are folded by
mixing the DNA scaffolds with an excess amount of the staple
strands, typically in a 1 × TAE buffer with 12.5 mMmagnesium
chloride. The samples are slowly annealed from a specifically
optimized temperature, for instance, 90 °C to room temper-
ature. During the annealing process, the staple strands find
unique binding positions on the DNA scaffold, and the target
structure is eventually formed. Before the invention of DNA
origami, it was commonly believed that eliminating secondary
structures, purified DNA strands and precise stoichiometry were
indispensable to correctly fold DNA structures. However, the
success of the DNA origami technique proved that the assembly
process is of high error tolerance.
2.2.2. Mechanism of the DNA Origami Assembly.

Although remarkable success has been achieved, the assembly
process of DNA origami still needs further exploration and
optimization. In particular, a deep understanding of the folding
mechanisms and principles will greatly help to improve the
design and assembly yield of large and complex structures.
Recent progress has revealed some details of the origami
assembly, such as its cooperative behaviors42,43 in a narrow
temperature range and under magnesium or magnesium-free
conditions.44−46 A number of factors, including annealing
temperatures, staple concentration, scaffold routing, etc., can
affect the assembly yield, shape, and kinetics of the origami. A
structure with different designs and sequences of strands may
result in very different assembly yields.27 Even for structures of
similar shapes, different routings of the scaffolds may change the
overall kinetics and thermodynamics of the folding processes. It
was shown that the nick point distribution of staples strongly
influences the assembly.46 In addition, the nucleation of a 2D
rectangular origami was found more likely to occur on both
edges, probably resulting from the favorable thermodynamics.47

However, increasing the concentration of staples in the middle
changed the nucleation position to the center region, suggesting
that competitive nucleation existed among the staples. The
competitive assembly was further confirmed in an origami
design with two sets of staples.48 Increasing the concentration of
one set of staples promoted the corresponding structure in the
final products. Furthermore, Bath and colleagues studied the
folding pathway of DNA origami.43 They designed a DNA

Figure 2. continued

folded into a target shape by multiple short synthetic strands. Every short strand binds different regions of the scaffold and connects them together
through crossovers. (D) A representative DNA origami structure with a smiley face shape and its AFM image. Scale bar: 50 nm. Reproduced with
permission from ref 26. Copyright 2004 Macmillan Publishing Ltd. (E) A multiple layer DNA origami constructed from a honeycomb DNA lattice.
Scale bar: 20 nm. Reproduced with permission from ref 27. Copyright 2009 Macmillan Publishers Ltd. (F) An eight-layer DNA nanostructure packed
from a square lattice. Reproduced with permission from ref 29. Copyright 2009 American Chemical Society. (G) A 3D nanostructure with 52 HB
packed on a honeycomb−square−hexagonal lattice. Reproduced with permission from ref 30. Copyright 2012 American Chemical Society. (H) A ring
structure formed by connecting four curved DNA origami units. Reproduced with permission from ref 31. Copyright 2009 AAAS. (I) A nanoflask
constructed by concentric rings of DNA helices. Scale bar: 75 nm. Reproduced with permission from ref 32. Copyright 2011 AAAS. (J) A sphere
gridiron structure based on DNA four-arm junctions. Scale bar: 50 nm. Reproduced with permission from ref 33. Copyright 2013 AAAS. (K) A
complex wireframe flower structure. Reproduced with permission from ref 34. Copyright 2015 Macmillan Publishing Ltd. (L) A wireframe rabbit.
Reproduced with permission from ref 35. Copyright 2015Macmillan Publishing Ltd. (M) Awireframe icosahedron. Reproduced with permission from
ref 36. Copyright 2016 AAAS. (N) A 3D DNA polyhedron made of origami tripods. Reproduced with permission from ref 37. Copyright 2014 AAAS.
(O) Modular assembly of 2D DNA structures using single-stranded tiles. Scale bar: 50 nm. Reproduced with permission from ref 39. Copyright 2012
Macmillan Publishers Ltd. (P) 3D shapes assembled from a master set of DNA bricks. Reproduced with permissions from ref 40. Copyright 2012
AAAS.
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origami system that could fold into multiple distinct shapes and
found that the scaffold’s early formation of long-range
connection by the staples could strengthen a specific folding
pathway. Their finding suggested that controlling the initial
binding of staples could guide the assembly pathway.
To further understand the folding pathway, the Dietz group

investigated the folding behavior of every single staple in a
multilayer DNA origami structure.49 The folding kinetics of
every staple was measured using both intrastrand assay
(fluorescent dye and quencher on two termini of the same
staple) and interstrand assay (fluorescent dyes on the two
termini of two proximal strands). The authors observed that the
time required for the complete folding of the DNA staples varied
from 20 to 200 min. These strands followed a defined sequence
of events during the folding. The segment truncation experi-
ments further verified this observation. When deleting the 20
fastest incorporation terminal segments, the intermediate
structure no longer formed, but the full structure could still
form after several hours. Nevertheless, deleting the 20 slowest
incorporating terminal segments did not prevent the formation
of the intermediate structure, but the fully folded structure was
delayed. Further analysis of the folding curves revealed that each
folding reaction presented two-phase kinetics. The first phase
took place between 2 to 50 min, and the second phase ranged
between 100 to 350 min. The interstrand assay showed that a
single strand could display independent binding kinetics on both
termini. This result indicated that the origami folding occurred
at the individual binding domain level rather than the whole
strand level. In addition, they found that the incorporation time
of the strands did not correlate with the free energy of
hybridization, in contrast to the previous hypothesis, which
suggested that the strand sequence did not determine the
incorporation sequence during folding.44 To further interpret
this observation, the authors performed permutation experi-
ments using another set of strand sequences with the same
design pattern. It was found that the two folding pathways were
strongly correlated. This finding confirmed that the folding
pathway was determined by the cooperative effects rather than
the local sequences of the strands. Additionally, theymapped the
mean folding time data with scaffold and strand crossovers onto
a graph. The results revealed that once crossovers connected
certain distant regions on the scaffold, the folding began
cooperatively. Nevertheless, it is still challenging to conclude
what factors direct the sequence of the folding events using
simple design rules.
2.2.3. Higher-Order DNA Origami Assembly. Since the

invention of DNA origami, building large DNA structures has
been a pursuit in DNA nanotechnology. In general, DNA
structures can be made larger by increasing the length of the
DNA scaffold or the hierarchical assembly of DNA origami
monomers. A straightforward solution is to use a longer DNA
scaffold, which can be obtained by polymerase chain reaction
(PCR), rolling circle amplification, or extracting from λ/M13
hybrid virus.50,51 However, there are several issues with a longer
DNA scaffold to make large DNA structures. First, the increased
length of the DNA scaffold can give rise to more internal
secondary structures, which reduce the folding yield of DNA
origami. Second, the cost of constructing large structures
increases with the length of the scaffold.
In contrast, the hierarchical assembly uses origami monomers

with programmed connectors to assemble into periodic or finite
superstructures. This method can significantly reduce costs.
Hybridization and base stacking are the two basic driving forces

for hierarchical assembly. DNA origami units with extending
sticky ends hybridize based on the sequence-specific Watson−
Crick base pairing to form polyhedral origami structures,37 1D
ribbons,52−54 2D lattices, and crystals.55−57 Base stacking is
another route for stabilizing DNA double helices. It is enabled
by intramolecular forces between aromatic rings of adjacent base
pairs in a DNA helix. It was first observed by Yan et al. and
studied for the assembly mechanism of DNA nanostruc-
tures.25,58 Blunt-ended DNA helices protruding from DNA
origami edges can be programmed to act as chemical bonds to
achieve specific binding. DNA origami with shape complemen-
tarity can assemble into higher-order structures. For example,
Dietz and co-workers developed dynamic 3D multilayered
origami,59,60 while Qian and co-workers designed square-shaped
DNA origami with 4-fold symmetry as tiles to assemble into
DNA origami arrays.61 Sugiyama and co-workers combined
shape complementarity and hybridization for higher-order
assembly.62−64 In addition, the hierarchical assembly was
achieved by surface assistance.65−75

Different methods of hierarchical assembly were reported
successively. The Dietz group combined base stacking with self-
limiting structures for hierarchical assembly with sizes up to
micrometers.76 The advantage of the self-limiting structures is
that higher-order structures can be assembled from a few
monomers. Likemany homo-oligomeric proteins, which contain
only one type of subunit, DNA origami monomers can be
assembled into higher-order structures according to the
designed binding rules. The authors used a V-shaped DNA
origami structure (V brick) as the building block for the self-
limiting assembly (Figure 3A). The shape complementarity
mediated the oligomerization of the V bricks from the two
asymmetric, interlocked self-complementary surfaces. The
opening angle of the V bricks could be adjusted by changing
the length of the double-helical spacers between two surfaces.
This angle determined the number of building blocks in
oligomers as well as the diameter of the ring-shaped structure. By
adding another set of self-complementary docking sites into the
V bricks, the oligomerization perpendicular to the plane of the
ring was enabled, forming long tubes with thick walls. Further
complex structures in 3D were also explored using this method,
including tetrahedrons, hexahedrons, or dodecahedrons.
Almost simultaneously, the Qian group developed another

hierarchical method called fractal assembly.77 The authors used
square DNA origami as the building block to create 2D DNA
origami arrays. The square DNA origami could bind each other
through the connectors at the interfaces. They used one set of
edge staples as connectors, and each DNA origami only had a
subset of the connectors. A large DNA origami array was created
using the hierarchical assembly of DNA origami tiles according
to their recursively local assembly rules. In addition, each DNA
origami monomer could be decorated with surface patterns, so
that the DNA origami array revealed the entire pattern image
(Figure 3B). Notably, the authors developed the FracTile
Compiler software to help nonexperts design DNA sequences
and experimental procedures for making large DNA patterns.
Several patterned images were created on the DNA origami
arrays, including the Mona Lisa, a rooster, and a chess-game
pattern with the help of this software. As a complementary
approach to square origami tiling, they used triangle origami
tiling to enrich the design space for the fractal assembly.78 Each
triangle edge could be programmed to be complementary to
itself or to the other two edges. Surprisingly, the triangle tiles
could assemble into 3D instead of 2D structures in a 20-tile
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design (Figure 3C), probably because the tiles bent at a small
angle along the seams between the three isosceles triangles.
Other different 2D and 3D arrays were further constructed by
programming the binding specificity of the edges. The
programmability of the edges in the DNA origami tiles makes
them ideal building blocks for the realization of complex higher-
order DNA structures.
DNA origami can also be programmed to mimic structures of

molecules formed by atoms depending on their valences and
anisotropic binding modes. In recent years, significant progress
has been made in developing valence-controlled origami
monomers for higher-order assembly. The Gang group reported
an approach for the valence control of DNA origami
polyhedrons using click chemistry.79 DNA self-assembly usually
uses noncovalent bonds (hydrogen bond or base stacking) to
connect different species. The use of click chemistry offers
permanent and site-specific ligation between DNA nanoobjects.
In their work, the authors modified the vertex of an origami
octahedron with azide or dibenzocyclooctyl (DBCO). Different
DNA origami octahedrons carrying these groups could be
ligated together by copper-free azide−alkyne click reaction. By
controlling the valence of the functional groups on the origami

octahedron, the DNA objects were connected into different
architectures, including dimers, trimers, crosses, and polymers
(Figure 3D). In another work, the same group designed a DNA
nanochamber, whose bonds were programmed on the three
orthogonal axes.80 The bonds were fully addressable and
differentiated, which allowed the formation of 1D, 2D, and 3D
organized arrays. Using different binding modes, the authors
demonstrated that heteropolymers, helical polymers, 2D
lattices, and mesoscale 3D nanostructures could be encoded
by the sequence of the bonds. The Wang group realized finite
hierarchical assembly through orthogonal and directional
bonding on the hexagonal prism DNA origami (HDO).81 The
HDO unit contained six distinguishable bonds at each end for
directional bonding. Each bond had two opposite orientations
for binding, yielding multiple possible directional binding
configurations between two HDOs. A library of finite HDO
superstructures was constructed by combining HDOs with
appropriate valences (Figure 3E). Also, other methods were
reported for the hierarchical assembly of DNA origami. For
example, the Bathe group realized supramolecular assemblies
with wireframe DNA origami.82 The Ding group used flexible
and covalent-bound branched DNA structures to template the

Figure 3. Scaffolded assembly for higher-order structures. (A) A ring DNA structure constructed by self-limiting V-shaped multilayer DNA origami.
Reproduced with permission from ref 76. Copyright 2017Macmillan Publishers Ltd. (B) A 4× 4 DNA origami array with an example pattern of Mona
Lisa constructed from the fractal assembly. Reproduced with permission from ref 77. Copyright 2017 Macmillan Publishers Ltd. (C) A 3D DNA
structure constructed by connecting triangular origami tiles. Reproduced with permission from ref 78. Copyright 2018 American Chemical Society.
(D) Octahedral DNA frames were assembled to form into higher-order nanoscale objects through controlled bonds at the vertex and linkage by
chemical reactions. Reproduced with permission from ref 79. Copyright 2019 American Chemical Society. (E) A hexagonal prism DNA origami was
used as the building block for higher-order assembly through the orthogonal and directional bonds at both ends. Scale bars: 40 nm. Reproduced with
permission from ref 81. Copyright 2022 Wiley.
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assembly of triangular DNA origami into super-DNA origami.83

The Gu group took advantage of cholesterol-modified DNA to
drive the DNA origami assemblies through the cholesterol-
encoded hydrophobic interaction.84

2.3. Scaffold-Free Self-Assembly

2.3.1. DNA Tiles.DNA tile assembly is a versatile method of
creating DNA structures using small DNA motifs, with the DX
tile being one of the most used DNA motifs. Individual DX tiles
connect to each other through the complementary sticky ends.
Various DNA structures such as 2D lattices,11,85,86 nano-
tubes,87−89 automation patterns,90 DNA Sierpinski triangles,91

and algorithmic self-assembly systems92−94 have been con-
structed by DX tiles. There are several types of DX tiles, such as

DAE-E, DAO-E, DAE-O, and DAO-O. The names are chosen
according to their structural configurations, such as the number
of crossovers (double or single), the orientation of the strands
through the crossover (parallel or antiparallel), the number of
half-turns between intramolecular crossovers (even or odd), and
the number of half-turns between intermolecular crossovers
(even or odd). Depending on the number of half-turns between
the tiles, the architecture of the DNA tile assembly can be
classified into E-tiling and O-tiling, which contain an even
number of half-turns and an odd number of half-turns,
respectively. Usually, E-tiling produces DNA tubes, and O-
tiling generates planar DNA ribbons. This phenomenon is due
to the intrinsic curvature of DNA tiles.17,88 In E-tiling
architecture, the tiles are aligned identically, which results in

Figure 4. Scaffold-free assembly. (A) Regulation of tube chirality coupled with arm twist. Reproduced with permission from ref 95. Copyright 2022
American Chemical Society. (B) Programming the tube circumferences by offset connection. Reproduced with permission from ref 97. Copyright
2019 American Chemical Society. (C) Structural designs for different scenarios of tile attachments and observed energy penalty in tile attachment.
Reproduced with permission from ref 99. Copyright 2017 American Chemical Society. (D) Regulation of DNA tile assembly with controlled
nucleation. Reproduced with permission from ref 100. Copyright 2021 American Chemical Society. (E) Crisscross assembly with ssDNA slats. The
presence of a DNAorigami seed structure triggered the assembly, because it significantly reduced the initial energy barrier for growth. Reproduced with
permission from ref 101. Copyright 2021Macmillan Publishers Ltd. (F)DNA brick nanostructures withmolecular weight of up to 500MDawere built
from 52-nt single-stranded tiles. Reproduced with permission from ref 102. Copyright 2017 Macmillan Publishers Ltd. (G) A 2D wireframe array of
hexagonal tessellation pattern with 3-arm vertices. Scale bars: 100 nm. Reproduced with permission from ref 114. Copyright 2019 Macmillan
Publishers Ltd.
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tube formation due to the intrinsic curvature of each tile,
whereas O-tiling generates planar ribbons because of the
cancellation of cumulative curvatures. The Xiao group
investigated the quantitative physical description of the chirality
of DNA nanotubes induced by intrinsic tile curvature and with
the arm twist (Figure 4A).95 Three types of tile cores were
designed using three- and four-way junctions. Tile cores were
joined with arms having an odd and an even number of half-
turns, forming planar 2D lattices and tubes, respectively. By
coupling the intrinsic curvature of tile cores with the arm twist,
right-handed (RH) or left-handed (LH) chiral DNA tubes were
obtained reliably. They also provided a method to measure the
chirality of the DNA tubes by resolving the structure with atomic
force microscopy (AFM) at the single-tile level.
Other than using DX tiles to form DNA tubes, SSTs were

employed to assemble into DNA tubes with prescribed
circumferences.38 Given an even number of DNA double
helices, they can roll up into a tube with zero offsets along the
two long edges, generating a straight and unstressed tubular
structure. Insertion or deletion of base pairs into a double helix
causes expansion/compression and RH/LH torques. Expansion
or compression in turn leads to bending, and torque results in
twisting. The combined effects force the tube into a helical
shape. For an even number of DNA double helices in a DNA
tube, it must close the double helices with a discrete offset, which
generates a supertwisted helix bundle. This supertwist could be
tuned by reducing the closure offset through shifting a single tile,
one nucleotide position at a time within the structure.96

Interestingly, it was found that the Cy3 dye modification of the
tube structure exerted a small amount of bending to the tube
structure, similar to the base insertion effect. By combining the
Cy3 modification with the fine-controlled supertwisting via tile
shifting, the stepwise control of the microscale diameter of the
DNA helical tubes could be achieved. The Ke group employed
the “offset connection” to program the tube circumference
(Figure 4B).97 The boundary SSTs were designed to close the
tube in an offset manner. The SST array grew wider to
compensate for the offset and generated a wide tube with some
degree of twist. Using this strategy, they assembled DNA tubes
with various helices from the 19 × 4 to 19 × 14 tiles.

2.3.1.1. Kinetics of DNA Tiles. It has been shown that the
kinetics of the DX tile homodimerization was 2-fold higher than
that of ssDNA hybridization,98 although DNA tiles are much
bigger than ssDNA tiles and less diffusive. This indicated that the
nucleation efficiency, as well as the rate constant of association of
DNA tiles, could be enhanced by introducing more sticky ends.
It was confirmed that DNA tiles with two sticky ends had a
higher association rate than the ones with a single sticky end.
The higher rate was mainly attributed to the lower activation
energy of dimerization. The abstract tile assembly model
(aTAM) and kinetic tile assembly model (kTAM) were
proposed to help with the design, simulation, and prediction
of the tile assembly. In the kTAM, assumptions were made as
follows. First, the attachment rates were constant and equal,
regardless of the number of correct or incorrect bonds for a tile
at the binding site. Second, the relation between the binding
strength and the number of bonds was linear. For the attachment
rate, although this assumption was verified on the mica surface,
the kinetics of DNA tile assembly in solution might be different
because tile diffusion in solution is not a rate-limiting step.
Instead, nucleation is the key factor in determining assembly
kinetics. Liu and co-workers experimentally tested these
hypotheses.99 The authors designed a multimer using a DAE-

E tile and monitored the single-tile attachment with different
numbers and orientations of bonds (Figure 4C). The free energy
change of each individual pair of sticky ends (ΔGSE°) and the
free energy change of single-tile attachment (ΔG°) were
independently measured. They found that the binding free
energy was linearly correlated with the number of bonds.
However, the sum of ΔGSE° was large than ΔG° (for n-bound
attachment, n = 1−4), and the differences were proportional to
the number of bonds, which indicated the energy penalties after
the tile attachment. The authors attributed the energy penalty to
the formed loop by the constrained configuration after tile
attachment. After considering the loop penalty, they proposed
the independent loopmodel, in which the free energy changes of
the tile attachment were described as the combination of
sequence-dependent bond strength and sequence-independent
loop penalty with the assumption of no interloop tension. In
addition, the authors measured the kinetics of a single DAE-E
tile attachment. The on-rate of kinetics was not equal for all
binding scenarios. It depended on multiple factors, such as the
number of sticky ends, the sequence of sticky ends, and the steric
crowding effect (structural flexibility and the accessibility of the
binding site). The different rates could result in different final
products, such as tubes or long narrow ribbons. Furthermore,
they confirmed that mismatched sticky ends did not contribute
to free energy changes for the tile attachment.
The tile self-assembly starts with nucleation, which can be

classified into three modes: unseeded nucleation, facet
nucleation, and seeded nucleation. Unseeded nucleation is
when monomer tiles bind together through one sticky end,
forming a dimer, trimer, or other higher-order assemblies. It
needs to reach a critical nucleus of n tiles before the seeded
nucleation. After the nucleation barrier is overcome, tiles can
continue to grow in the presence of a nucleation seed. There are
two scenarios for the tiles growing directly onto the seed. A free
tile attaches to the seed through two bonds, named seeded
nucleation, or by a single bond, named facet nucleation. Liu and
co-workers investigated the dynamics of three nucleation modes
in nucleated self-assembly of DNA tiles (Figure 4D).100 They
designed a “frame-filling” model system using a rhombic DNA
origami template and a self-complementary DX tile. By adjusting
the activities of bonds on the template, the tile nucleation
favored a specific nucleation mode. The tile assembly was Mg2+
dependent, so increasing Mg2+ over a critical concentration
initiated the lattice formation. Therefore, the assembly of the
free tiles could be triggered by rapidly tuning the concentration
of Mg2+. Under a constant Mg2+ concentration, the assembly of
tiles was temperature dependent, which suggested that three
nucleation modes could be differentiated by adjusting the
temperature range. The unseeded nucleation occurred at low
temperatures (22 to 12 °C). The kinetic curves showed a lag
phase at the beginning, followed by a fast phase, indicating a
slower nucleation stage and a fast growth stage. Since unseeded
growth involved 1-bond attachment, the binding was unstable at
elevated temperatures. Unseeded growth could be inhibited at
temperatures over 22 °C. Facet nucleation could initiate in the
presence of the origami frame with only a 1-bond sticky end with
temperatures over 22 °C, but it was eliminated over 24 °C. The
seeded assembly was found dominant in the range of 24−26 °C.
As a result, by using the programmable origami frame design and
temperature-controlled nucleation, the tile assembly could be
guided to follow a specific pathway.
For DNA tiles self-assembled into periodic arrays, the rate-

limiting nucleation often leads to products with varied sizes.
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Although seeds provide fast nucleation for homogeneous growth
kinetics, spontaneous nucleation can still happen in a seed-
independent fashion, resulting in a subpopulation of different
assemblies. To obtain only seed-dependent self-assembly, a large
kinetic barrier has to be engineered to prevent spontaneous
nucleation. In themeantime, the present seeds should bypass the
barrier easily for fast growth. The large kinetic barrier can be
achieved in two ways: by making the monomers inactive or by
limiting incorporation of free monomers to cooperatively
attached intermediates. For the latter, a large coordination
number could completely suppress the spontaneous nucleation
while keeping rapid and irreversible growth on the seeds. The
Shih group utilized crisscross slats to demonstrate seed-
dependent self-assembly of massive DNA origami structures
(Figure 4E).101 The ssDNA slat monomers interacted only with
the nearest neighbors on the origami seeds to achieve complete
seed-dependent assembly and yielded ribbon products with
average lengths over 4 μm. The number of seeds controlled the
ribbon copy number precisely, and robust kinetic control of
nucleation was realized in a wide range of divalent-cation
concentrations, slat concentrations, and temperatures. Criss-
cross assembly could be further expanded to gigadalton 2D and
3D architectures for its all-or-nothing formation and nanoscale
addressability.
2.3.2. DNA Bricks. Despite the robustness of DNA origami

for designing custom DNA structures, the dimensions of DNA
origami monomers and sequences of the DNA strands are
limited by the DNA scaffold. Yin and co-workers invented the
modular assembly strategy using SSTs and circumvented the use
of DNA scaffolds. Hundreds of SSTs are assembled into finite
and fully addressable DNA structures through local interactions.
This method enables the realization of large, intricate 2D and 3D
DNA nanostructures. In contrast to DNA origami, which uses
half biological and half synthetic materials, the modular
assembly utilizes complete synthetic strands. In other words,
every strand from the DNA structures is addressable, and the
sequences can be arbitrarily assigned, whereas the staple
sequences in DNA origami have to follow the DNA scaffold
according to the base pairing rule, and thus, the sequence
diversity of DNA origami is limited. In addition, every SST can
be chemically modified precisely, whereas the modification of
the DNA scaffold is not routinely applied. The most important
feature of the DNA brick method is its modularity. For the 2D or
3D DNA structures made of SSTs, they can serve as molecular
canvases and each individual SST acts as a pixel. DNA structures
of distinct shapes can be obtained by selectively removing
certain SSTs from the molecular canvas. The Yin group
demonstrated more than 100 2D and 3D DNA structures
assembled from a master set of SSTs.39,40

Since DNA scaffolds are not involved in the self-assembly of
DNA bricks, the size of the formed DNA structures can be easily
scaled up. Recent progress showed DNA brick structures could
be scaled up to 0.1−1 gigadalton.102 The original design used a
32-nt DNA brick with an 8-nt binding domain for the self-
assembly of 3D structures. The first generation of the DNA brick
led to DNA structures on the megadalton-scale from hundreds
of unique bricks. In an updated version of a 52-nt DNA brick
with a 13-nt binding domain, the yield and thermal stability of
the DNA structures were enhanced. The improvement was due
to two reasons. First, the 13-nt binding domain had much higher
sequence diversity than the 8-nt domain, reducing misbinding
between two DNA bricks when a large number of bricks were
used to form superstructures. Second, the melting temperature

of the 13-nt binding domain was higher than that of the 8-nt
domain, which resulted in a faster nucleation rate and higher
thermostability after the assembly of the 52-nt DNA brick. As a
result, the second generation of the DNA brick enabled the
construction of 0.1−1-GDa structures from 10,000 bricks. The
largest structure was a 532.4MDa cuboid withmore than 30,000
unique bricks (Figure 4F). Large multimer structures were also
constructed through the hierarchical assembly, such as a 1 GDa
tetramer built from four 262.8 MDa monomers. Furthermore,
the structures comprising a large number of components
enabled programmable patterns. Custom cavities were created
inside the structures, yielding intricate superstructures from a
master set of DNA bricks.

2.3.2.1. Mechanism of the DNA Brick Assembly. DNA brick
self-assembly has been utilized to realize DNA structures of
various shapes. Nevertheless, the assembly pathways for the
DNA brick assembly are complex because nucleation can
happen randomly at any location. Since most DNA bricks are
identical in length, they have similar free energy. Thus, the DNA
brick assembly is more likely stuck in kinetic traps. The assembly
yield usually ranges from a few percent to ∼30%, which is much
lower than that from the DNA origami assembly, i.e., over 90%.
Also, it generally takes a long time to complete the assembly
process. In a study by Ke et al.,40 the authors merged the 16-nt
half brick on the boundary helices with the preceding 32-nt full
brick along the direction of its helix and formed a 48-nt DNA
brick. These elongated boundary bricks (BB) improved the
assembly yield by 1.4-fold. Despite the effectiveness of the
elongated BB, the underlying mechanisms were not further
explored in the original paper. It was hypothesized that two
possible mechanisms could explain the increased assembly yield
by the elongated BB. First, the elongated BB had three binding
domains, whereas the regular bricks had two domains, so the
former could serve as large seed strands to speed up the
nucleation. Second, the final structures had more stability with
the long bricks. The Reinhardt group used Monte Carlo
simulations to investigate the effect of the elongated BB and the
assembly process.103 They used four sets of samples, namely no-
BB structure, edge-BB structure, face-BB structure, and all-BB
structure, and simulated the brick assembly process at a series of
fixed temperatures. The authors found that the assembly
products aggregated when the temperature went below 315 K,
probably because low temperatures favored incorrect bonding
and the assembly suffered from kinetic traps. In the range of 317
and 318 K, the all-BB structure assembled the fastest, followed
by the face-BB structure, edge-BB structure, and no-BB
structure. At 319 K and above, the all-BB structure could still
assemble up to a temperature of 326 K, but the edge-BB and no-
BB structures took much longer to nucleate. Further simulation
analysis showed that the BB structure could reduce the energy
barrier for self-assembly and the mean first-passage time
(MFPT) for faster nucleation. Nevertheless, this effect varied
for different positions or the numbers of BB. The edge-BB
structure had a slight reduction in the free-energy barrier
compared to the no-BB structure, followed by the face-BB
structure and the all-BB structure. Regarding the MFPT on the
face-BB structure and the edge-BB structure, both structures had
the same number of BB, but the face-BB structure had a lower
MFPT than the edge-BB structure, likely because the face-BB
structure had more chances of interaction with other bricks than
the edge-BB structure.

2.3.2.2. Kinetics of DNA Bricks. Since the elongated BB could
increase the assembly yields and the nucleation rate, it is
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reasonable to design even longer strands to further tune the
assembly yield and nucleation kinetics. The Ke group
introduced a long DNA seed strand for the DNA brick assembly
to program the nucleation process and assembly pathway.104

The authors designed four DNA bricks, including a small
triangle, a small rectangle, a large rectangle, and a large 3D rod.
They also designed a seeded structure on the boundary position
for each brick structure using a 425-nt strand. The unseeded and
seeded structures were tested under the same isothermal
assembly conditions to compare the assembly performance.
Through experiments and computer simulations, it was
demonstrated that the long seed strand could increase the
DNA brick assembly kinetics by reducing the nucleation free-
energy barrier. The authors observed increased assembly
kinetics in both the initial and overall periods. The main reason
was that the free brick molecules grew directly on the seed
strand, and no lead-in time for the nucleation was required. For
the unseeded structure, it needed thermal fluctuation to
overcome the nucleation free-energy barrier. In addition, the
seeded structures had a broader temperature range for successful
assembly products and a higher overall temperature for the
assembly to occur. A higher temperature could reduce the
chance of incorrect folding and favor the correct folding
pathway. Misbinding between DNA bricks was less likely to
happen at high temperatures, and the nucleation free-energy
barrier was large enough to inhibit the nucleation of an unseeded
structure. As a result, nucleation mostly occurred on the seeded
structure. Furthermore, the authors investigated the thermal
stability of the preassembled DNA bricks with and without the
seed strand. They found that the seeded structure began to
disassemble at a much higher temperature than the unseeded
structure, which indicated that the seed strand could protect the
structure under elevated temperatures. This protective effect
might be due to the reduced nicking points on the seed strand,
which weakened the base stacking interactions. The seeded
assembly strategy not only helps the reduced assembly time but
also guides the assembly pathway for the complete structure.
2.4. Wireframe DNA Structures

Wireframe DNA nanostructures have been previously demon-
strated using both scaffold-free and scaffolded approaches.34−36

Recent advances with the scaffolded approach combined with
computations facilitate the design process and offer new
features,105−109 such as increased edge stability105 or surface
planarity,108 irregular boundaries, and internal structures.107

However, it remains challenging to scale up the size of an
individual wireframe structure. The scaffold-free approach offers
many advantages. First, the sophisticated routing of the scaffold
is not needed, thus making the design process much simpler.
Second, the structure size is not constrained by the DNA
scaffold, so that the structure can be easily scaled up. Earlier
scaffold-free methods for wireframe DNA polyhedrons were
reported by several groups. For instance, Seeman and co-
workers assembled a cube and a truncated octahedron from
short synthetic DNA strands.6,7 Turberfield and co-workers
assembled chiral tetrahedrons.110 The Sleiman group synthe-
sized cyclic DNA concatemers by connecting organic molecules
and short DNA strands, and they subsequently assembled them
into different DNA polyhedrons with other short DNA
strands.111 Shih et al. folded ∼1.7k-nt ssDNA into an
octahedron with five other synthetic DNA strands.26 Moreover,
the Mao group assembled tetrahedron, dodecahedron, and
buckyball structures from three-arm junction tiles and an

icosahedron from five-arm-junction tiles hierarchically.112 The
authors later demonstrated a series of DNA polyhedrons by
connecting two types of multijunction DNA tiles through sticky
ends.113 Nevertheless, these small DNA motif-based wireframe
structures lacked structural complexity. The Wei group
presented a general strategy for the self-assembly of complex
wireframe structures using entirely short DNA strands.114 Their
design rule was such that first, a target structure was represented
by a graph and further rendered into a node−edge network.
Each node represented vertices of DNA helical arms, and each
edge represented a DNA duplex. The edges were then split into
complementary domains. Under this design framework, they
assembled sophisticated wireframe structures, including 2D
arrays (Figure 4G), tubes, polyhedrons, and multilayered 3D
arrays. Notably, the rigidity of the wireframe structures was not
weakened compared to that of the DNA origami approach. The
authors demonstrated that marshmallow-like polyhedrons after
triangulation arrangements obtained substantial improvement
in structural rigidity.
2.5. Single-Stranded DNA and RNA Origami

Apart from the scaffolded DNA origami and DNA brick
approaches, DNA or RNA structures can be assembled from
single-stranded nucleic acids. ssDNA or ssRNA structures offer
several advantages over multistranded structures. First, the
single-stranded nucleic acid self-folding process is independent
of the reactant concentrations, and thus the self-assembly yield is
higher than that of multistranded nanostructures. Second, the
rate of intramolecular folding is kinetically faster than
intermolecular folding on multistranded structures. Third, the
ssDNA or ssRNA can be synthesized in vitro by PCR or in vivo
using a plasmid vector. The single-stranded nanostructures can
be replicated and produced at a lower cost than those from the
multistrand self-assembly strategy. Early attempts along this
direction included the folding of a 79-nt DNA strand into a four-
arm DNA junction,115 a 160-nt DNA strand into a multicross-
over DNA nanostructure,116 a 286-nt DNA strand into a
tetrahedron structure,117 and a 660-nt RNA strand into a six-
helix rectangle tile.118 These simple single-stranded structures
could be replicated in vitro or in living cells.118,119 Nevertheless, a
general method for the self-assembly of a single-stranded nucleic
acid into arbitrary shape and size with increased complexity was
lacking. Han et al. introduced ssDNA and ssRNA origami
(ssOrigami), in which DNA or RNA structures were self-
assembled from ssDNA or ssRNA.120 The idea of ssOrigami
derived from the unimolecular folding of protein and RNA
structures, in which minimal knotting complexity was achieved
to avoid being kinetically misfolded during the folding process.
The design strategy of ssOrigami is that ssDNA or ssRNA first
self-assembles into partially complementary dsDNA and dsRNA
and further coheres through parallel crossovers.121 The main
challenge of ssOrigami is to achieve structural complexity and
programmability while avoiding the topological knots to ensure
smooth folding. Several design strategies were employed to
achieve minimal knotting complexity. First, the ssOrigami used
parallel crossovers rather than commonly used antiparallel
crossovers for interhelical cohesion. While DNA strands need to
cross the central plane that contains all the parallel DNA helical
axes at antiparallel crossovers, lacking a cross at the central plane
for the parallel crossovers can reduce the knotting complexity of
the structure. Second, secondary structures in the ssDNA
present challenges for DNA synthesis. The helical domains are
limited to 10 bp to reduce the local self-interaction of ssDNA.
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Third, the ssDNA strand is split into two approximately equal
halves to separate all helical domains, reducing self-interaction
significantly. Based on these rules, when an ssDNA strand is
produced, it immediately folds into partially complementary
ssDNA, which contains paired helical domains and unpaired
single-stranded regions. These unpaired single-stranded regions
can further form locking domains through base pair recognition.
Every locking domain is between two adjacent parallel
crossovers. The length of the locking domains is defined as 6
bp. The authors successfully created a variety of DNA ssOrigami
(Figure 5A) using these design strategies. RNA ssOrigami could

be readily created by changing the helical or locking domain
lengths, due to the helical twist difference between the B-type
DNA helix (10.5 bp/turn) and A-type RNA helix (11 bp/turn).
The helical domain and locking domain for the DNA ssOrigami
were 10 nt and 6 nt in length, respectively. In other words, 32-bp
DNA contained two 10-nt helical domains and two 6-nt locking
domains, noted as the 10-6-10-6 design. To adopt the scheme
for RNA, the 10-6-10-6 design was modified to the 10-6-11-6 or
8-8-9-8 design, which corresponded to three full helical turns for

an RNAA-type helix. The invention of ssOrigami provides a new
blueprint for the design of user-specified nucleic acid
nanostructures. The fact that nucleic acid nanostructures can
be self-assembled in vivo enables the production of RNA
nanomachines that can function inside cell environments.
Although the original ssDNA/ssRNA origami was designed

with the knotting-free strategy, knotted DNA structures could
also be constructed. Qi et al. reported complex molecular
topology using single-stranded nucleic acids.122 Like the
knotting-free ssDNA/ssRNA origami, DNA parallel crossover
motifs were used as modular building blocks. In contrast to the
previous work, the dsDNA chain threaded itself multiple times
in a wireframe network to yield a knotted structure (Figure 5B).
Both the wireframe edge and paranemic crossover numbers were
adjusted to program the knot crossing number so that knotted
DNAwireframes could be designed withmolecular topologies of
varied complexity. The authors designed several 2D wireframe
DNA structures and achieved molecular knots as high as 57,
which was higher than the previously reported strategies based
on the B-form/Z-form double-stranded DNA helices,8,123−125

paranemic crossovers,126,127 and DNA four-way junctions.128

This approach could be expanded to 3D structures to achieve
more complex molecular topologies.
2.6. Meta DNA

DNA nanotechnology has mainly utilized DNAmolecules based
on DNA hybridization to build structures on the sub-
micrometer-scale. It is instructive to ask whether DNA
nanostructures can act as an enlarged version of DNAmolecules
to promote structural constructions up to the micrometer range.
Enlarged DNA structures retain the properties of individual
DNA molecules, such as DNA hybridization, dehybridization,
and strand displacement. Importantly, they can act as building
blocks to create superstructures based on higher-order binding
rules. Zhang et al. initially proposed the idea of using DNA
superstructures for exponential amplification.129 Later, Chan-
dran and co-workers systemically investigated meta-DNA as
higher-order structures of natural DNA molecules.130 Ideally,
meta-DNA can keep both the structural and functional
similarities of DNAmolecules. The authors listed the properties
of meta-DNA (mDNA) that resembled those of DNA
molecules. (1) Single-stranded mDNA comprised a linear
polymer of meta-nucleotides. Each meta-nucleotide had the
backbone to provide the rigidity and a base for the hybridization
of double-stranded meta-DNA. (2) One meta-nucleotide from

Figure 5. Single-stranded DNA and RNA structures. (A) A 12 × 12
ssOrigami containing 10,682 nt. Scale bar: 50 nm. Reproduced with
permission from ref 120. Copyright 2017 AAAS. (B) A DNA 3 × 3
square lattice with a crossing number of 57. Scale bar: 100 nm.
Reproduced with permission from ref 122. Copyright 2018 Macmillan
Publishers Ltd.

Figure 6. Meta-DNA structures. (A) Abstraction of a meta-nucleotide as an enlarged version of a nucleotide. Single-stranded meta-DNA made of
meta-nucleotides can form double-stranded meta-DNA according to the complementarity between meta-bases. Reproduced with permission from ref
130. Copyright 2012 Royal Society. (B) Meta-DNA made of six-helix bundle DNA origami can assemble into higher-order superstructures.
Reproduced with permission from ref 132. Copyright 2020 Macmillan Publishers Ltd.
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one strand could pair with one meta-nucleotide of another
strand to allow two single-stranded mDNAs to form a double-
stranded mDNA through the reverse complementary sequence
(Figure 6A). (3) The meta-backbone was connected by a strong
bond, while the meta-base was connected by a weak bond. (4)
Double-stranded mDNA was separated by breaking the meta-
base bond. (5) Single-stranded mDNA was more flexible and
had a shorter persistence length than double-stranded mDNA.
(6) mDNA underwent toehold-mediated strand displacement.
During the process, the weak meta-base bonds were broken and
reformed. (7) mDNA could be synthesized by adding meta-
nucleotides to the 3′ end of a primer strand with the help of a
template mDNA strand. (8)mDNA restriction could be realized
by cleaving the meta-backbone at the specific recognition site.
The authors also suggested that the T-junction DNA motif
could serve as the meta-nucleotide to achieve mDNA with
connectivity and geometry.131 The horizontal double helix of
the T-junction served as the meta-backbone, and the vertical
helix served as the meta-base. A linear chain of T-junctions
formed a single-stranded mDNA with directionality. Two
polymers of single-stranded mDNA could form double-stranded
mDNA through meta-base binding. The T-junction should be
protected before activation to avoid the spontaneous
aggregation of the T-junctions into mDNA. The T-junction
was sequentially activated and bound to the mDNA primer to
synthesize mDNA. Also, the mDNA could mimic DNA−DNA
and DNA-enzyme interactions, such as hybridization, denatura-
tion, strand displacement, polymerization, and restriction cuts.
The experimental realization of mDNA was achieved by Yan

and co-workers.132 They used a six-helix DNA origami bundle as
the mDNA unit to self-assemble into DNA structures in the
submicrometer- or micrometer-scale. The mDNA carried
ssDNA on the six-helix DNA origami bundle to work as a
meta-base to form “bonds” with its complementary mDNA,
while the six-helix DNA origami bundle acted as a meta-
backbone. The single-stranded meta-base was 10-nt long, which
in principle, could be programmed to have up to 410 different
types of bonds. The mDNA was 420 nm in length and 6 nm in
diameter. After forming double-stranded mDNA, the width of
the product was∼16 nm (Figure 6B), 8 times bigger than that of
the dsDNA molecule. The meta-base spacing and placement
could be programmed to adjust the directionality and chirality of
the double-stranded mDNA. For example, if two mDNAs were
arranged with spiral meta-bases on the helices, they self-
assembled into double-helix structures, either in an RH or LH
twist, resembling the natural double-helix DNA molecule. The
twist angle of meta-bases could be adjusted to change the twisted
double-stranded mDNA with different turn numbers. The
authors further used the mDNA as the building block to
construct a series of higher-order superstructures, such as meta-
junctions, meta-double-crossover tiles, meta-polyhedra, and
meta-lattices (Figure 6B), by changing the local flexibility of the
mDNAs and their interactions. These superstructures ranged
from hundreds of nanometers to several micrometers.
Interestingly, the mDNA could also undergo strand displace-
ment reactions just as DNA molecules do, which enabled the
design of dynamic DNA devices at the microscopic-scale.
Compared to the aforementioned methods, such as enlarging
the DNA scaffold and connecting DNA origami nanostructures
by sticky-ends or blunt-end stacking for building micrometer-
sized DNA structures, the mDNA provides a conceptually new
idea for transforming DNA nanotechnology from the nanoscale
to themicroscale. It is anticipated that themDNA can be used to

construct more complicated static and dynamic systems that
render many new applications possible. However, it is
noteworthy that the mDNA proposed by Hao and co-workers
mainly mimicked the properties of hybridization and strand
displacement of DNA but still lacked other functionalities, such
as the synthesis of mDNA from a primer and nicking reactions.
The complete mimicking of DNA molecules is still challenging
and certainly awaits more endeavors.
2.7. DNA Crystals

Seeman’s original vision was to use branched DNA junctions to
construct rigid DNA crystal lattices that could host and resolve
structures of biomolecules through X-ray crystallography. The
X-ray diffraction technique was used to determine the structure
of crystallized DNAmolecules and led to the double-helix model
of DNA by Watson and Crick. The application of X-ray
diffraction for the structural determination of proteins requires
them to be crystallized and arranged into periodic patterns. The
programmable properties of DNA structures could serve as a
porous scaffold to orient and host guest proteins at specific
positions. However, the assembly of 3D DNA crystals differs
from conventional DNA nanostructures in several aspects. First,
DNA structures created using DNA origami or DNA brick
methods exhibit distinct sequences to form finite and stable
geometries. Second, 3D DNA crystals should provide sufficient
diffraction resolutions for resolving the details of the structures.
Although several factors affect the resolution of DNA crystals,
structural homogeneity is one crucial factor. Third, DNA
crystals have to contain sufficient space for guest molecules.
Therefore, the challenges of 3D DNA crystal self-assembly lie in
the design of porous 3D DNA crystals with sufficient uniformity
and large cavity size to host macromolecules.
After 27 years of Seeman’s proposal, it was not until 2009 that

the Seeman andMao groups reported the first self-assembled 3D
DNA crystal.133 The DNA crystal was based on the tensegrity
triangle motif, which consisted of three helices with different
helix axis directions. Four-way junctions connected the three
helices to form a 3-fold symmetry, and the crystal structure was
formed by arrays of tensegrity triangles with periodic cavities.
There were 21-nt between the triangles and 7-nt between
crossovers within each triangle. The motifs could connect
together into a higher-order periodic structure through the 2-nt
sticky ends on the tails of the DNA helices. The 3D tensegrity
DNA crystal contained a rhombohedral cavity size of ∼103 nm3

with a cross-section of ∼23 nm2 to accommodate guest
molecules. The obtained diffraction resolution was 4 Å. Based
on the tensegrity triangle crystal, other types of DNA crystals
were also developed. For instance, DNA crystals containing two
different triangles were constructed.134 Each triangle had
different sequences, and two triangles were assembled into an
alternative pattern through sticky ends. The increased sequence
complexity of the crystals allowed them to host heterogeneous
guest molecules. In addition, the length of each helix on the
triangle motif could be programmed to tune the cavity size of the
DNA crystals. Both three- and four-helical turns for tensegrity
triangle motifs were assembled into crystals.135 Their cavity sizes
were ∼568 nm3 and ∼850−1100 nm3, respectively. Never-
theless, these crystals resulted in decreased diffraction
resolutions of 5.5 Å for the three-turn crystals and 10−14 Å
for the four-turn crystals, respectively.
The original crystals used 2-nt sticky ends (GA:TC) for the

tensegrity triangle motif cohesion. Seeman and co-workers
found that the non-Watson−Crick sticky ends (AG:TC) yielded
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a hexagonal space group, where the DNA double helices bent at
the crossovers (Figure 7A).136 The hexagonal lattice had a cavity
diameter of 11 nm and a cell volume of 470000 Å3, larger than
the rhombohedral crystal (103000 Å3). The large cavity could
potentially host large guest molecules for structural character-
izations. In addition, it was shown that the sticky end length and
sequences, as well as the 5′- and 3′- phosphate, could impact the
crystal formation and resolution.137 The triangle motifs with 1-,
2-, 3-, and 4-nt sticky ends and different sequence combinations
of 2-nt sticky ends revealed differences in the diffraction
resolution. The position of 5′-phosphate on the crossover,
helical, or central strands affected the resolution of the DNA
crystals as well. It was found that 1-nt sticky ends and 5′-
phosphate resulted in the best diffraction resolution of 2.62 Å.
The 5′-phosphorylation was found to affect the crystallization
process.138 For the DNA crystal based on the tensegrity triangle
motif, it was observed that the 5′-phosphorylation could
substantially promote crystallization (Figure 7B). The crystal-
lization took place at a 1/16 DNA concentration and 1/8 of the
lower buffer concentration compared to those in the original
protocol. Furthermore, the crystallization kinetics was accel-
erated at both the nucleation and growth stages. This finding
emphasized that phosphorylated DNA could have faster self-

assembly kinetics than nonphosphorylated DNA by strengthen-
ing the cohesion of the sticky ends.
Another strategy by the Mao and Seeman groups used a

hairpin with complementary sticky ends in the tensegrity
triangle motif to modulate the crystallization kinetics.139 The
addition of the hairpin with the motif strands led to an improved
resolution of the crystals (Figure 7C). It was hypothesized that
the hairpin could affect the crystals in two ways: by reducing the
number of nuclei and slowing down the crystal growth kinetics.
The hairpin could competitively bind to the motif sticky ends,
which reduced the chance of clusters from incorporating more
motifs to grow bigger at the nucleation stage, giving rise to few
but large crystals. The resulting crystals presented higher
resolution than those without the hairpin addition. Interestingly,
the hairpin also influenced the morphologies of the crystals. The
hairpin strands specifically inhibited the growth direction of the
corresponding DNA helices and ultimately changed the overall
shape of the crystals.
The interactions of motifs for the self-assembly of DNA

crystals are intentionally designed to be weak to reduce assembly
error. However, this also leads to the instability of DNA crystals
at low ionic concentrations or high temperatures. Several
strategies were demonstrated to make the 3D DNA crystals

Figure 7.DNA crystals. (A) The tensegrity triangle motif with canonical sticky ends (GA:TC) can assemble into a rhombohedral DNA crystal (left),
while the noncanonical sticky ends (AG:TC) caused self-assembly into a crystal with a hexagonal space group (right). Reproduced with permission
from ref 136. Copyright 2021 American Chemical Society. (B) 5′-Phosphorylation improves crystallization. Reproduced with permission from ref 138.
Copyright 2021 American Chemical Society. (C) Modulating the DNA crystal with a hairpin. Reproduced with permission from ref 139. Copyright
2018 Wiley. (D) Making the DNA crystal robust by DNA ligation. Reproduced with permission from ref 143. Copyright 2019 American Chemical
Society. (E) Tuning the cavity size and chirality of DNA crystals based on the tensegrity square motif. Reproduced with permission from ref 145.
Copyright 2017 American Chemical Society. (F) A 3DDNA crystal with 6-fold symmetry. Reproduced with permission from ref 146. Copyright 2018
Wiley. (G) A 3D DNA crystal made of a DNA origami tensegrity triangle. Reproduced with permission from ref 148. Copyright 2018 Wiley.
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more stable, including triplex bundling,140 cross-linking,141,142

and ligation.143 In the case of the triplex bundling method, a
triplex-forming oligonucleotide was added to bind to the
interunit cohesion region. Nevertheless, this method required
an acidic solution to form the triplex. In the case of the cross-
linking method, some molecules formed interstrand cross-links
within the DNA crystal under light irradiation. In the case of the
ligation method, the DNA strands of the triangle motif were
modified with 5′-phosphorylation. The nick points at the sticky-
ended cohesion were linked by T4 DNA ligase into covalent
bonding (Figure 7D), yielding increased stability. It was
experimentally demonstrated that after ligation, DNA crystals
were still structurally intact under various harsh conditions, for
instance, at 65 °C for 16 h, dehydration for a month and
rehydrating for 42 days in water, and being scratched 12 times.
The increased stability of DNA crystals can promote their
applications in many research fields and also foster new
opportunities in DNA nanotechnology.
Inspired by the tensegrity triangle motif, other motifs were

developed to create self-assembled DNA crystals. For example,
the Yan group designed a tensegrity square with 5-nt per
edge.144 The square motif contained a central 20-nt strand with
four sequence repeats of five nucleotides that formed four four-
arm junctions at the corners of the central square motif.
However, the 20-base central sequence could not make two full
turns. As a result, this motif was crystallized into a series of
duplexes tethered together by the central sequence. The crystals
contained densely packed continuous helical layers but lacked
the uniform periodicity of void spaces. The authors redesigned
the tensegrity square and changed the five-nucleotide repeat
sequence to six nucleotides (Figure 7E).145 This modification
reduced the structural strain caused by the single-base deficit in
the central strand. In addition, they synthesized the LH
enantiomer of the motif using L-DNA. Both D-DNA and L-
DNAmotifs were successfully crystallized. The crystals revealed
uniform and periodic cavities with dimensions of ∼4 × 2 × 5
nm3. Importantly, the L-DNA crystals obtained nuclease
resistance, making the crystals potentially applicable to cellular
systems. Yan and co-workers further designed and crystallized a
3D DNA array with a layered hexagonal lattice (Figure 7F).146

Only two 21-nt strands were needed to form the array by
hybridizing it into a repeating array of layered Holliday
junctions. Two strands hybridized with 11 bp, and the other
four sticky ends (two were 4 bases long, and two were 6 bases
long) could associate into the Holliday junction separating the
two layers. The junction also adopted a 120° angle between the
two duplexes. The remaining two unpaired bases are further
connected with each other along the helix in the same layer.
Branched DNA junctions serve as the central building block

for 3D lattices. The preferences of DNA junctions can thus
significantly affect the assembly of DNA crystals. Yan and co-
workers probed the effect of all 36 immobile Holliday junction
sequences on three separate assembled DNA crystals: the “4 ×
5” and “4× 6” designs and a “scrambled” sequence variant of the
“4 × 6” design.147 It was demonstrated that most junctions
yielded crystals, while few junction sequences were completely
resistant to crystallization. Molecular dynamics simulations
revealed that these fatal junctions lacked two ion binding sites
crucial for crystal formation. The authors also found that the
junction sequences could enhance resolution and influence
crystal symmetry in both the “4 × 5” and “4 × 6” designs.
Surprisingly, it was observed that the adjacent sequences to the
junction had a large effect on the crystal assemblies. Changing

downstream sequences adjacent to the junction could alter the
salt buffer preferences and improve the crystal resolution
modestly.
In addition to the aforementioned small DNA motifs, the

DNA origami and DNA brick methods can also lead to the
construction of DNA crystals. The DNA brick crystals could
grow up to a micrometer in size in the lateral dimensions and
with controlled depths up to 80 nm.41 The DNA helices were
designed to be parallel or perpendicular to the plane of the
crystal. Sophisticated 3D cavities and channels were engineered
in the DNA brick crystals. Alternatively, DNA origami offers
high structural rigidity and large cavity space to host big guest
particles. The Liedl group designed a DNA origami tensegrity
triangle motif (Figure 7G), which could be considered as an
enlarged version of the small DNA triangle motif. It consisted of
three equal-shaped struts made of 14-helix bundles arranged in
an over−under fashion.148 The origami motif could polymerize
into a rhombohedral lattice by keeping the same cross-section
and axial orientation of the structs. The cavity size was 67 nm,
much larger than that of the crystals made of small DNA motifs.
The large cavity allowed the precise encapsulation of guest
molecules, such as 10 and 20 nm gold nanoparticles (AuNPs).
One could adjust the size of the DNA origami motif to tune the
crystal cavity size, enabling the encapsulation of larger objects. In
a recent work from the Ke group, the DNA gridiron design was
exploited for DNA crystal formation.149 The canonical DNA
gridiron contained an even number of half-turns between
adjacent junctions and resulted in a two-layer conformation,
where two sets of parallel DNA helices were perpendicular and
located in two planes. The new interweaving design assigned an
odd number of half-turns between junctions, producing a
weaving morphology between the vertical and horizontal
helices. It was shown that although the interweaving design
had a low self-assembly yield in the finite structure, it promoted
crystal formation in the infinite structure. Moreover, tuning the
interweaving thread number led to different crystal sizes. It was
hypothesized that the weaving design introduced mechanical
stress in the structure and the increased rigidity of the DNA
gridiron facilitated the crystal formation of the flat 2D lattices.

3. RNA SELF-ASSEMBLY

3.1. Mechanism of the RNA Assembly

RNA performs multiple functions in the cellular environment,
such as the regulatory processes. The primary role of RNA is
being the genetic information processor for the expression of
proteins and replication. Noncoding RNA has also been
discovered, such as small nuclear RNA, microRNA, small
interfering RNA, small nucleolar RNA, riboswitches, and
catalytic RNA. The diverse functions of RNA originate from
its structural complexity. RNA can spontaneously assemble into
3D conformations to perform specific tasks. Unlike DNA
molecules, in which canonical Watson−Crick base pairings
determine 3D conformations, RNA’s conformations are driven
by both base pairings and noncanonical hydrogen-bonding
interactions. It is challenging to assemble synthetic RNA
structures into prescribed shapes using the same, relatively
simple rules used for DNA. However, RNA self-assembly has
several advantages. For instance, RNA can be produced by
transcription and potentially self-assemble in cells immediately
post-transcription. In contrast, preassembled DNA structures
have to be delivered into cells for cellular studies. RNAmaterials
can also be obtained from bacteria for bulk production of RNA

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.3c00028
Chem. Rev. 2023, 123, 3976−4050

3990

pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


structures. Furthermore, RNA structures are compatible with
cellular environments and have higher stability in vivo. In
contrast, DNA structures usually suffer from low stability under
physiological conditions, mainly caused by low magnesium
concentration and enzymatic digestion.
In the last two decades, significant progress has been made in

exploiting RNA self-assembly. Jaeger et al. designed tectoRNA,
which self-assembled into RNA objects through tertiary
interactions.150,151 They found that hairpin tetraloops and
their receptors could mediate the tectoRNA assembly. Jaeger
and co-workers further designed an L-shaped tectoRNA
containing two loops joined by a right-angle motif.152 Four
tectoRNAs formed squared-shaped RNA (Tectosquares)
through the loop−loop interactions, called the kissing loop
(KL). Tectosquares were further assembled into molecule
jigsaw puzzles through specific sticky tail connectors. Other
small RNA motifs were used to construct filaments,153 square-
shaped RNA particles,154 RNA nanorings, and RNA polyhe-
drons.155,156 These RNA motifs were demonstrated as building
blocks for modular and hierarchical assembly of nanostructures.
3.2. Higher-Order RNA Assembly

Inspired by DNA tiles as building units to construct higher-order
structures, the Andersen group designed RNA tiles to assemble
into RNA origami with the help of molecular modeling.118 They
designed two RNA tiles containing four different strands using
A-form RNA helices. RNA-AO tile had an odd number of half-
turns between crossovers, and RNA-AE tile had an even number
of half-turns. Because RNA helices had approximately 19° of
inclination relative to the helical axis, the base pairs between
crossovers in the two RNA tiles differed. In the RNA-AO tile, the
base pair inclinations of both helices were opposite, and the base
pairs between crossovers defined a trapezoid. In the RNA-AE
tile, the base pair inclination was parallel, so that the base pairs
between crossovers defined a parallelogram. The authors further
converted the multistranded RNA tiles into ssRNA origami tiles.
Four helix ends were connected to form hairpin loops.
Subsequently, one of the inner crossover helical domains was
replaced with a 180° KL interaction. One could further design
RNA origami tiles with more than two helices with the
introduction of “dovetail seams” at the crossover. RNA origami
tiles were assembled into lattices through the tile−tile
interaction by the RNA KL. The RNA KL interaction had
varied angles, including ∼180° or ∼120°. The RNA KL angles
defined the geometry of RNA lattices. For instance, a hexagonal
lattice was formed using three different tiles with 120° KL
interactions, while a rectilinear lattice was formed by two
different tiles with 180° KL interactions. They also found that
the RNA origami tiles could be assembled by cotranscription or
on mica by annealing. The cotranscriptional folding of RNA
origami tiles provided a low-cost method for producing RNA
structures, which could potentially function in cells. Never-
theless, their method led to a low folding yield and a limited size
(660 nt) of the folded structures. The Mao group constructed
longer wireframe ssRNA structures with cotranscriptional
folding.157 The ssRNA followed a hierarchical pathway during
the folding. ssRNA first formed a hairpin immediately after
transcription. Then, unpaired domains further folded into
complete structures through tertiary interactions. This hier-
archical assembly of RNA nanostructures prevented kinetical
traps during the folding and achieved a high assembly yield.
Nevertheless, RNA nanostructures were usually stabilized by KL
interactions and probably contained some pseudoknots. Later,

the Andersen group developed RNA origami design tools to
improve the cotranscriptional yield.158 The software automati-
cally selected structural modules from a library to build RNA
origami. It could identify and bypass potential folding traps and
optimize the sequences. The software allowed the rapid
prototype of multiple RNA scaffolds and predicted the effect
of different design parameters. The authors achieved RNA
origami with up to 2360 nucleotides from 32 designs.
In addition to the self-assembly of RNA structures from

ssRNA, multistranded RNA structures can be folded with
identical RNA motifs. They resemble many homooligomeric
proteins consisting of the same subunits. Weizmann and co-
workers constructed RNA homooligomeric nanostructures
using branched kissing loops (bKLs).159 The bKL, modified
from the coaxially stacked kissing loop (KL), was a T-shaped
motif formed by an L-shaped bulge and a hairpin loop by
paranemic cohesion. The bKL was used as a versatile
construction module for its branched geometry and rigidity.
They designed several RNA tiles containing bKLs to self-
assemble into higher-ordered RNA nanostructures. For
example, they constructed a Z-shaped tile that contained two
parallel double helical beams and one perpendicular strut. A
bulge was designed at each beam−strut joint, and a
complementary loop was designed at the end of the beam.
The Z-tiles grew into ladder structures, and the beam length was
tuned to cause twisting and bending, leading to circular or spiral
RNA ladders with curvature. Furthermore, the strut length was
adjusted to make a 360° turn, resulting in C-shaped tiles. Other
RNA motifs were incorporated into the Z- or C-tiles to increase
the structural complexity. For example, the C-tile was modified
into a 3- or 4- way junction, giving rise to RNA ladders with 3 or
4 rails. Adding a 5-nt bulge to each beam of the Z-tiles made the
structure an out-of-plane 90° turn, and the resulting tiles formed
a 3D cage. The bKL-based tiles were demonstrated to be
programmable to assemble into various RNA structures.
3.3. RNA Topological Structures

RNA can also be used to construct topological structures.
Although various topological structures have been constructed
using DNA in the past two decades, less attention has been paid
to the synthetic RNA topology. Synthetic RNA topological
structures have not only helped us to understand their physical
and biological properties but also assisted the discovery of RNA
topoisomerase. Around 26 years ago, the Seeman group
constructed the first synthetic ssRNA trefoil knot.160 This
knotted RNA structure led to the discovery of the first RNA
topoisomerase Escherichia coli DNA Topo III. Based on this
study, other RNA Topo activities were discovered in Type IA
DNA Topos.161,162 The Weizmann group reported two
methods to synthesize RNA topological nanostructures.163 In
the first one, two RNA strands and two DNA strands formed a
four-way junction with the RNA strands as the helical strands
and DNA as the crossover strands. The four-way junctions were
connected to form knotted structures. The RNA scaffold was
threaded into a knotted structure by the DNA staples. After
linking the nicks and removing the DNA from the structure, a
knotted ssRNA structure was generated. The second method
used an ssDNA knotted structure as the template. RNA strands
could bind to the ssDNA template. After ligating the nicks, the
DNA was digested, and the ssRNA knot was produced. The
synthetic ssRNA knot was used as a topological probe. The
authors found that Escherichia coliDNA topoisomerase I had low
RNA topoisomerase activity, whose unknotting activity for
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ssRNA could be inactivated by the R173A point mutation. They
also discovered that RNA topology could inhibit reverse
transcription, a similar phenomenon in DNA topology, which
blocks the DNA polymerases.128 The RNA topological
structures have shown their significance in RNA biology and
can help to solve many unexplored problems. For example, the
discovered RNA topoisomerase activity in some proteins could
help to identify naturally topological RNA structures in cells. In
addition, it is crucial to explore whether RNA-specific Topo exits
as well as the relationship between RNA Topo and cellular
functions of identified proteins.

4. DYNAMIC DNA NANOTECHNOLOGY
Structural DNA nanotechnology uses nucleic acids to construct
DNA nanostructures with varying sizes and complexities from
self-assembly. It explores DNA structures in equilibrium states.
In contrast, dynamic DNA nanotechnology focuses on the active
control over the geometry, motion, or growth of DNA structures
at the nanoscale. The interest is mainly in the kinetics and
nonequilibrium states of DNA structures.
In general, external fuels or environmental changes are needed

to drive DNA structures in motion. The first dynamic DNA
nanodevice was based on the B−Z transition of DX
molecules.164 Two rigid DX molecules were connected by a
central helix. By changing the condition for the transition
between the B- and Z-forms of DNA, the DX molecules
achieved switchable motion. In the seminal work by Turberfield
and co-workers, a molecular tweezer made of DNA could close
and open upon the alternative addition of “fuel” DNA strands
and anti-fuel DNA strands, respectively.165 This process
involved a fundamental mechanism called toehold-mediated
DNA strand displacement reactions, in which long ssDNA
displaces short ssDNA from aDNA duplex with the help of a few
nucleotides as the toehold and forms a long new DNA duplex.
Since then, the toehold-mediated DNA strand displacement has
been a widely used strategy in dynamic DNA technology.
Another mechanism is called the hybridization chain reaction

(HCR).166 It involves cascaded reactions between two different
hairpins initiated by a trigger strand. A variety of dynamic
nanodevices have been developed based on strand displacement
and the HCR, such as DNAwalkers,167−171 switchable 3D DNA
cages,172 switches,173−176 molecular gears,177 nanorobots,178

actuators,179,180 DNA circuits, and other nanomachines.181 A
recent work from the Turberfield group utilized strand
displacement for programmable printing on a 2D origami
surface.182 The DNAmolecular printer was precisely positioned
on the surface and wrote patterns by incorporating local ink
strands through strand displacement reactions.
There are also many other strategies to induce dynamic

structural changes, including molecular recognition, such as
aptamer binding,183 hybridization, and dehybridization of
nucleic acid duplexes,184 environmental factors such as pH
value,185−192 temperature,59,193 light,194,195 and ionic concen-
tration, and enzymatic reactions to DNA strands, such as strand
degradation,196 cleavage,197 ligation,168 and extension.198

Specifically designed DNA sequences can enable DNA
structural changes regulated by metal ions or pH.188,192 Base
stacking between blunt ends of DNA helices is sensitive to metal
ions and temperature and has also been utilized to manipulate
DNA structural change.59

4.1. Reconfigurable DNA Nanostructures

Reconfigurable DNA nanostructures refer to DNA nanostruc-
tures that change their conformations upon external stimuli. The
fact that DNA nanostructures can interact with environmental
factors suggests that the configuration of the assembled DNA
nanostructures can be tuned for various applications, for
instance, biosensing, drug delivery, nanorobots, and plasmonics.
There has been intense research on reconfigurable DNA
nanostructures over the last two decades. Early studies focused
on relatively simple designs composed of several DNA strands,
such as DNA tweezers or switches, whose dimensions were
typically limited to a few nanometers. After the invention of
DNA origami, arbitrary shapes of DNA nanostructures could be
designed in the megadalton range. The dynamic range is

Figure 8.Reconfigurable 2DDNA nanostructures. (A) Cascaded transformation of a DNAmolecular array. Reproduced with permission from ref 184.
Copyright 2017 AAAS. (B) Reconfigurable curved DNA origami. Reproduced with permission from ref 202. Copyright 2020 American Chemical
Society. (C) Modular transformation of DNA origami with expandable DNA units. Reproduced with permission from ref 203. Copyright 2021
American Chemical Society. (D) Modular deformation of DNA origami with tension-adjustable modules. Reproduced with permission from ref 204.
Copyright 2020 Wiley. (E) Reconfigurable DNA accordion rack. Reproduced with permission from ref 205. Copyright 2018 Wiley.
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extended to over 100 nm. Shape transformation can occur in
simple structures, such as a DNA box, DNA barrel,183 DNA
nanoactuator,180 or DNA force spectrometer.199 Reconfigurable
structures may contain immobile bodies and dynamic flexible
joints that can move in response to external stimuli.200,201

Depending on the connectivity of DNA units in the DNA
nanostructures, the transformation mechanisms can be classified
into cascaded transformation, modular transformation, and
global transformation. In the cascaded transformation, the
structural transformation proceeds in a step-by-step fashion.
The connections between units are made to be dynamically
switchable to achieve this aim. Once a local DNA unit is
transformed, it can trigger the transformation of the neighboring
units via the connections. During this process, the previous
connections are broken and new connections are subsequently
formed. For example, the Ke group designed a synthetic DNA
molecular machine, which transformed from one conformation
to another via a cascading reconfiguration process (Figure
8A).184 This molecular machine was constructed by inter-
connecting a small DNA unit called the “antijunction”, which
was switched between two conformations through an open
conformation. The structural transformation was initiated by
trigger strands, which provided external mechanical energy to
transform the local DNA units. The transformation of one DNA

unit could propagate to its neighboring unit and eventually led to
the global conformation change of the DNA structure. This
phenomenon was named “information relay” as an analog of the
“domino array”. During the transformation process, no hybrid-
ization or dehybridization was involved. The conformational
change was driven solely by the base stacking at the junction
position between two antijunction units. The base stacking
between two antijunctions experienced the breaking and
reforming process during the stepwise transformation. In
another work, the authors demonstrated that the DNA origami
domino array could switch between a noncurved conformation
and a curved conformation.202 In contrast to the original DNA
origami domino array, where all the antijunctions were the same
size, the revisedDNAorigami domino array comprised gradient-
sized antijunctions along the DNA helices. Before the
transformation, every helix had the same length, so that the
DNA structure was noncurved. After the transformation,
because the orientation of the DNA helices was shifted, the
DNA helices from one side were longer than those on the other
side. This resulted in a curved conformation for the entire DNA
structure. The curvatures could be programmed by adjusting the
relative size of the DNA antijunctions (Figure 8B).
DNA nanostructures can also be transformed through

independent DNA nanostructure modules. By selectively tuning

Figure 9. Reconfigurable 3DDNA structures. (A) Operation of the three-state color device using DNA crystals. Reproduced with permission from ref
208. Copyright 2017 Macmillan Publishers Ltd. (B) Dynamic motion in DNA crystals. Reproduced with permission from ref 209. Copyright 2022
Wiley. (C) DNA-directed expansion of DNA hydrogel. Reproduced with permission from ref 210. Copyright 2017 AAAS. (D) pH-induced symmetry
conversion of DNA origami lattices. Reproduced with permission from ref 192. Copyright 2022 Wiley.
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specific modules, the overall shapes of the DNA nanostructures
are changed. This type of transformation typically involves
multiple stable conformations achieved by combining triggers to
tune the individual modules. The Suzuki and Ke groups reported
two methods for the modular transformation of DNA
nanostructures. In the work of the Ke group,203 the authors
designed a DNA origami structure that could transform via
multiple modes through modular transformations. The DNA
origami consisted of small modular dynamic units, having a
double helix with a loop in the middle. Due to its modularity,
each DNA unit could be selectively elongated by another DNA
strand, thus changing the DNA origami’s overall conformation.
It was demonstrated that the DNA origami structure could
transform in three modes (changing length, curvature, and
twist) with the addition of different combinations of expansion
strands (Figure 8C). In addition, the transformation from one
conformation to another could be realized in multiple pathways.
In the work of the Suzuki group,204 a DNA origami structure
consisting of multiple modules was designed. Each module
contained a stem and a pier. Two neighboring piers had space
intervals but could be connected by bridge strands. After
connections, the two modules were bent due to the tension
caused by the bridge strands. By selectively connecting the
modules in the DNA origami, the overall shape adopted a curved
conformation due to the cumulative tension (Figure 8D). The
curvature was programmable by using different numbers and
locations of the bridge strands.
In the case of global transformation, the DNA units are

connected by stiff joints, such as a double helix. All the units are
strongly coupled and collectively transform from one con-
formation to another due to the strongly coupled connection.
The Kwon group demonstrated a reconfigurable accordion rack
made of a DNA beam lattice.205 The DNA lattice could be
viewed as arrays of cross-shaped motifs connected by double
helices. The cross-shaped motif comprised two interconnected
dsDNAs. Due to their flexible connection, the two double
helices adopted different angles adjusted by the lock strands with
different lengths. As a result, the whole structure transformed
collectively to the same conformation due to stiff connections
between the motifs (Figure 8E).
The reconfigurability of DNA structures can be further

extended from 2D to 3D. In particular, complex reconfigurable
structures, when integrated with other systems, can foster many
new applications, such as with metallic NPs and/or single
emitters for nanophotonic applications.206,207 This aspect will be
discussed in detail later. Moreover, target recognition-induced
opening and closing of DNA structures are capable of cargo
transportation and control of enzyme activity.183,200 It is
noteworthy that the reconfigurability of DNA structures can
lead to evident macroscopic property changes. The Seeman
group demonstrated that it was possible to manipulate a 3D
DNA crystal by inserting or removing DNA strands (Figure
9A).208 The 3D DNA crystal was assembled using a modified
tensegrity triangle motif as the building unit, which comprised
an extension of the central strand. The input of fluorescence dye-
modified strands could bind to it and change the color of the
crystal driven by strand displacement reactions. In a recent work
from the Mao group,209 the DNA tensegrity triangle motif was
selectively modified with phosphate groups on two-component
duplexes. Thus, the DNA was ligated only along two directions,
and the third direction remained noncovalent. The sticky-end
cohesion in the third direction could dissociate or reassociate
under ionic concentration or temperature changes. The overall

crystal displayed macroscopic expansion or shrinkage over 50
μm (Figure 9B). The Shulman group demonstrated a high-
degree swelling of hydrogels by DNA-directed shape changes
(Figure 9C).210 The DNA-cross-linked polyacrylamide hydro-
gels experienced structural expansions triggered by the HCR. In
addition, the Tian group reported the dynamic conversion of
DNA origami lattices induced by pH tuning (Figure 9D).192

The DNA origami lattices assembled by octahedral origami
frames were integrated with pH-reactive i-motif sequences in the
connectors. Upon pH changes, the pH-responsive connectors
switched between two states, leading to the DNA lattices’ overall
transition between simple cubic and simple tetragonal
configurations.
4.2. Artificial DNA Motors

Nature has evolved motor systems for transportation, cargo
sorting, and assembly of biomaterials. Kinesin and dynein are
two major motor proteins transporting intracellular cargo along
microtubules powered by ATP hydrolysis. Inspired by such
biological motors, a plethora of synthetic self-assembled DNA
analogs have been developed, such as DNA walkers that can
perform stepwise movements on nucleic acid substrates. A
typical DNA walker system consists of a walker and a track for
movement. The driving force for the movement is usually
chemical fuels, which are converted into mechanical work. The
external energy elevates the walker into a high-energy state.
Relaxation from the high-energy to the low-energy state drives
the walker for mechanical walking.
The Seeman and Pierce groups reported the earliest DNA

walker systems.211,212 They both designed biped walkers, which
moved along well-defined tracks made of DNA. The walking was
guided by external DNA strands through strand displacement
reactions. When the linker between the walker and the track was
removed by the external DNA strand, another DNA strand was
added to form a new linker between the walker and the
subsequent stator. The direction of the movement was
controlled by the fuel strand, which linked the walker to a new
stator. By repeating the dissociation and association of the DNA
walker and the stators, the walker moved along the track. Several
other types of DNA walkers driven by strand displacement
reactions were reported.170,213−218 Some of them achieved
autonomous motion.
Enzymatic reactions are another scheme to power DNA

walkers. Yin et al. demonstrated a walker system that moved
autonomously along a track through alternative cleaving and
ligation of DNA strands.168 Later, the Mao group developed a
DNAzyme-based walker, which continuously digested the
substrate and moved to the neighboring stator through strand
displacement reactions.219 Moreover, Bath et al. designed a
DNAwalker powered by a nicking enzyme,197 where the walking
mechanism relied on the nicking enzyme consuming the
substrate followed by the walker moving to another stator
through strand displacement reactions. This walker was further
adapted on the DNA origami surface for long-range trans-
portation and navigating the path under instruction.220,221

Furthermore, exonuclease196 and RNase H222,223 were used to
power motion. Other environmental factors include light,224

pH,169 and electric fields.225,226

In addition to walking, other types of motions were also
developed, for instance, sliding,227−229 rotation,225,226,229 and
rolling.222,223 Synthetic rotary systems are inspired by biological
rotary motors, such as the bacterial flagellar motor and F1Fo-
ATPase, which comprise rotor and stator components and
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perform rotary motion by consuming chemical energy. The
Dietz group designed a self-assembled DNA origami rotary
apparatus,230 with a rotor unit and clamp elements. The rotary
motor achieved Brownian rotation in both clockwise and
counterclockwise movements. The authors later developed a
DNA origami rotary ratchet motor that obtained directional
motions (Figure 10A).231 The new motor consisted of a rotor
arm, a pedestal with a dock for the rotor unit, and a triangular
platform. The triangular platform was installed with physical
obstacles that protruded with an inclination of about 50° from
the surface to achieve directional motion. These obstacles
allowed the rotor arm to move only in one direction, as a
movement in the opposite direction would trap the rotor in an
energy barrier. Under an external electric field, the motor was
driven to move with a preferred rotation direction. Liu and
colleagues also developed rotary systems.232,233 In a recent work,
they built a gear system consisting of a small origami ring, a large

origami ring, and AuNPs. These modular components were
assembled to work cooperatively with bidirectional rotations
mediated by the AuNPs.
Sliding is another essential mechanical motion in natural

systems. For example, the kinesin-5 protein mediates the cross-
link and sliding antiparallel movements of microtubules. The Liu
group reported an artificial nanoscopic analog of the sliding
system (Figure 10B)227 using two antiparallel DNA origami
filaments mediated by two AuNPs powered by DNA fuels. The
sliding system could perform stepwise sliding and reversible
movements. This two-layer sliding system was later extended
into multilayer nanoarchitectures,228 enabling complex dynamic
motions on the nanoscale. Furthermore, multiple sliding
components could be engineered to perform regulated and
coordinated motion.229 In the meantime, synthetic rolling
motors were developed.222,223 These rolling motors improved

Figure 10. DNA motor systems. (A) A DNA origami rotary ratchet motor. Reproduced with permission from ref 231. Copyright 2022 Macmillan
Publishers Ltd. (B) A sliding system made of doublet DNA origami filaments and gold nanocrystal. Reproduced with permission from ref 227.
Copyright 2018 Macmillan Publishers Ltd. (C) A cartwheeling DNA acrobat based on DNA strand exchange. Reproduced with permission from ref
171. Copyright 2018Macmillan Publishers Ltd. (D) ADNA rolling motor powered by RNaseH. Reproduced with permission from ref 222. Copyright
2016Macmillan Publishers Ltd. (E) Engineered protein motors bind to recognition DNA sequence on a DNA nanotube and move the nanotube on a
surface. Reproduced with permission from ref 236. Copyright 2022 AAAS. (F) A synthetic tubular molecular transport system. Reproduced with
permission from ref 237. Copyright 2021 Macmillan Publishers Ltd. (G) A DNA self-assembled robotic arm powered by electric fields. Images were
reproduced with permission from ref 225. Copyright 2018 AAAS. (H) A cargo-sorting nanorobot. Reproduced with permission from ref 214.
Copyright 2017 AAAS.
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the low track affinity in the DNA walker system, while
maintaining high motor velocity.
Biological systems have developed efficient cellular trans-

portation systems. Motor proteins can move micrometer-long
distances at the speed of μm/s. The early developed synthetic
transportation system could hardly achieve comparable speeds.
DNA walkers driven by strand displacement generally suffer
from low speeds and require seconds to minutes to perform a
single operation.170,220,234 It was demonstrated that the strand
displacement rate constant could reach up to 106 M−1 s−1.235

Walter and co-workers improved the speed of strand displace-
ment-based walkers with a cartwheeling design (Figure 10C).171

The DNA walker comprised a central sequence and two toehold
domains at both ends. The footholds were designed with
sequences complementary to the central sequence and the
toehold domains of the walker. The footholds with two different
sequences were alternatively distributed on the DNA origami
surface, so that the walker moved along the track by alternatively
binding to two different footholds through the toehold. Since
the toehold domain was always free at the distal termini, it
eliminated the necessity of enzyme reactions to generate the free
toehold before walking via strand displacement. Thus, the
walker was driven only by strand displacement. The length of the

toehold domain affected the strand displacement rate. The
authors carefully optimized different toehold lengths and
achieved the highest walking rate of ∼300 nm/min with a step
size of 7 nm, which was an order ofmagnitude higher than that of
other DNA walker systems. New types of high-speed DNA
motor systems were also reported. For example, an RNase H-
powered rolling motor consumed the track by the enzyme and
formed a new connection with the new track during the rolling
(Figure 10D).222,223 This type of motor could reach a
translocation rate up to ∼1 μm min−1. Motor proteins were
also utilized in constructing DNA motors. Furuta and co-
workers realized the movement of motor protein dyneins along
DNA tubes (Figure 10E).236 The original track binding domain
of the dynein was replaced with a DNA binding domain, which
enabled the motor to bind to and move along the DNA track.
This hybrid motor retained the high speed (∼220 nm/s) of the
dynein on the reusable track by ATP hydrolysis. Using the
programmable DNA track and track recognition of the hybrid
motor, the motor system could be engineered to perform
multiple functions of cargo molecules, such as disperser,
aggregator, sorter, and integrator.
Going further, novel motor systems can even eliminate the

process of breaking and re-forming bonds with the track to

Figure 11.Dynamic DNA assembly systems. (A) A DNAmotif was assembled into DNA arrays after binding with ATP. Reproduced with permission
from ref 241. Copyright 2020 American Chemical Society. (B) A synthetic transcriptional oscillator-controlled dynamic assembly of DNA nanotubes.
Reproduced with permission from ref 243. Copyright 2019 Macmillan Publishers Ltd. (C) RNA-mediated DNA nanotube reorganization.
Reproduced with permission from ref 245. Copyright 2021 American Chemical Society. (D) Reconfiguration of DNA origami tiles through tile
displacement. Reproduced with permission from ref 246. Copyright 2018 Macmillan Publishers Ltd. (E) Complex DNA computing based on seeded
growth. Reproduced with permission from ref 247. Copyright 2019 Macmillan Publishers Ltd. (F) Connecting two molecular landmarks on a surface
though seeded growth of DNA nanotubes. Scale bar: 5 μm. Reproduced with permission from ref 250. Copyright 2017Macmillan Publishers Ltd. (G)
Self-healing of DNA nanostructures. Reproduced with permission from ref 251. Copyright 2019 American Chemical Society.
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further improve speed. The Dietz group developed a tubular
molecular transformation system that traveled inside a tubular
tunnel (Figure 10F).237 This piston was made of DNA, and its
transport in the barrel structure was driven by Brownian motion.
There was no need to continuously form and break the bonds
with the track, as the DNA walkers did. Thus, the speed of
motion reached 0.3 μm2/s with total travel distances up to
micrometers. The Simmel group developed a rotary DNA
system powered by electric fields (Figure 10G).225 A DNA
robotic arm was positioned on a DNA origami platform. The
rotation of the arm was actuated with external electric fields. By
altering the electric field, this method offered precise control
over the rotation direction and frequency. The achieved
maximum rotation frequency was 25 Hz, much higher than
that of the hybrid ATP-driven motor system.238

Early developed DNA walkers could only perform simple
functions, such as walking along a defined track.239 Some
walkers could perform more complicated work, such as product
assembly,170,234 cargo transportation,240 or deciding a path at a
cross.221 The Qian group explored the DNA walker-based
nanorobot to perform complex cargo sorting tasks (Figure
10H).214 The nanorobots had three building units. Each unit
performed a specific subtask: cargo pick-up, cargo sorting, or
cargo drop-off. Two types of multiple cargos were initially
anchored without order on the specific locations of a 2D DNA
origami surface. The robot autonomously picked up cargos and
delivered each type of cargo to the destination location until all
cargos were correctly sorted. The cargo sorting nanorobot
followed an exquisite algorithm. Once the DNA walker picked
up a cargo, it started randomly walking along the track. When it
reached the destination, a cargo recognition procedure was
performed, and only the correct cargo was released at the
destination. By repeating the picking up, random walking, and
releasing procedures, all cargos were sorted correctly. Another
complex task was to solve mazes by DNA navigators.215 The
authors designed several crossed paths on a 2D DNA origami
surface. One end was used as an entrance, and the other was
defined as an exit. Among the possible paths for theDNAwalker,
only one path was defined as the correct one. With the
introduction of a DNA walker, it could walk along the path and
randomly decide a path when it met a cross. A molecular maze
was realized by trial and error from a large number of walker
molecules on the DNA origami with only a fraction of successful
pathfinding.
4.3. Dynamic Self-Assembly

In cells, many cellular components frequently disassemble and
reassemble by exchanging information and energy with their
environment. A remarkable example is microtubule polymer-
ization. The building units α- and β-tubulins polymerize into
microtubules of micrometers and depolymerize, when environ-
mental conditions change. It is of great interest to mimic the
dynamic assembly process of microtubules using DNA nano-
technology and ultimately control the dynamic assembly of
DNA nanomachines. In contrast to conventional thermody-
namic assembly, which explores the assembly of DNA structures
with the lowest energy, dynamic assembly can yield products
that form the fastest. This aspect was utilized by the Mao group
to co-fold two complementary DNA strands into identical
nanostructures simultaneously rather than a DNA duplex.241 In
addition, dynamic assembly allows for the dynamic control of
DNA nanostructures using environmental factors, which are
useful in many potential applications. To this end, a variety of

DNA nanostructures were designed to exhibit disassembly and
reassembly properties regulated by environmental triggers. For
instance, the Mao group developed the ATP-triggered self-
assembly of DNA nanostructures (Figure 11A),241 where a
DNA aptamer was incorporated into a DNA motif. The default
conformations of the motif did not associate with each other to
form large DNA nanostructures. In the presence of the ligand,
the binding of the aptamer to the ligand caused the motif to
change the conformation into a T-junction, which could
assemble into 1D arrays or 2D lattices.
Fine control over the dynamic assembly process can be

achieved by coupling with DNA circuits. The Winfree group
demonstrated the regulation of the DNA tile self-assembly using
a DNA strand displacement circuit.89 The DNA tile that formed
the DNA nanotubes was designed with two protected strands,
which prevented their assembly into nanotubes. However, the
protected strands could be removed by a deprotector, so that the
active DNA tiles autonomously assembled into nanotubes. The
release of the deprotector was coupled with a DNA circuit,
which amplified the production of the deprotector in the
solution with the catalyst. Based on this work, the Ricci group
developed the pH-controlled assembly of DNA tiles.242 Using a
triplex-forming strand that switched between a double helix and
a triplex at different pH values, the release of the deprotector was
controlled by the pH-sensitive DNA circuit. Franco and co-
workers further demonstrated the pH-driven reversible control
of the self-assembly of DNA nanotubes using DNA tiles.187 A
regulator strand was designed to control the activity of the DNA
tile monomers. The binding of the regulator with tile monomers
prevented the monomers from being assembled into nanotubes.
The regulator was further controlled by a pH-responsive sensor
made of a triplex-forming structure. In acidic and neutral
conditions, the sensor was locked and could not react with the
regulator, so that inactive tiles were blocked by the regulator.
Under basic conditions, the sensor was unlocked and could
block the regulator. The active tile monomers activated the
downstream self-assembly of the nanotubes. Furthermore,
molecular oscillators can also control the assembly process.
The Franco group demonstrated the dynamic control of the self-
assembly of DNA tubular structures coupled with a molecular
oscillator.243 The authors used DNA tiles to assemble DNA
nanotubes of micrometers in length. These DNA nanotubes
were disassembled by RNA invaders that inhibited the DNA
tiles and reassembled by RNase H-digested RNA invaders
isothermally. The dynamic assembly was further coupled with a
synthetic molecular oscillator, which periodically regulated the
concentration of the RNA invaders by transcription (Figure
11B). When the RNA invaders were at low concentrations, the
RNAmolecules on the DNA tiles were digested by the RNaseH,
so that the active DNA tiles assembled into DNA nanotubes.
When the RNA invaders were present at high concentrations,
which surpassed the effect of RNase H, the DNA tiles were
inhibited and the DNA nanotubes thus were disassembled.
Biological systems generally use two strategies to sustain the

stability and functional capacity of biomolecules: structural
exchange and structural reorganization. Structural exchange
refers to the exchange of subunits of biomolecular complexes
with free units in the environment to adapt to environmental
changes. This process involves the competitive dissociation and
association between bound and free units. DNA nanostructures
can act as templates to investigate such dynamic exchange
reactions.244 Structure reorganization involves the dynamic
exchange of units between post-assembled structures. Recombi-
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nation is the best example of such a process, where two DNA
pieces recombine to produce new combinations of alleles. This
recombination engenders genetic diversity at the molecular
level, and DNA nanotechnology can mimic such phenomena.
The Ricci group demonstrated the reorganization of DNA
nanotubes fueled by RNA (Figure 11C).245 Two orthogonal
addressable DX DNA tiles were designed with a sticky end at
one binding domain, such that they could assemble into DNA
nanotubes autonomously. When adding RNA fuels bound to
one binding domain of the DNA tiles through the sticky ends,
the DNA nanotubes disassembled into DNA tiles. However,
introducing RNase H into the system could digest the RNA
molecules and recover the activity of the DNA tiles. Two types
of DNA tiles were randomly assembled into DNA nanotubes,
which contained hybrid types of DNA tiles. The Qian group
reported a DNA origami-level reorganization strategy.246 The
origami reorganization was achieved by the DNA tile displace-
ment mechanism, in which an invader DNA origami tile
displaced another tile from an array of tiles (Figure 11D). The
invader tile had a longer binding domain on the tile edge acting
as a toehold than the one that was displaced. This phenomenon
was similar to DNA strand displacement reactions. This tile
displacement also had properties similar to the DNA strand
displacements, such as tunable displacement kinetics, com-
petitive displacement, toehold sequestering, and cooperative
hybridization. Based on these properties, complicated reorgan-
izations of DNA origami tiles on the DNA array were achieved,

demonstrating a simple-yet-powerful strategy for tuning the
dynamic behaviors of DNA nanostructures.
Seeded growth is another type of dynamic assembly. It is a

self-assembly model in which DNA tile monomers autono-
mously add on the termini of the seeds. The seed provides the
nucleation position and information to determine which
structural form is grown as well as where and when. Unlike
the self-assembly of DNA into thermodynamically lowest energy
products, self-assembly by seeded growth provides kinetical
control over the assembly process and thus may change the
shape of products. Complex DNA nanostructures can be
generated according to the seed information using the same
building units. The Winfree group pioneered the seeded growth
for the algorithmic self-assembly.90,94 It combined the properties
of the periodic assembly of DNA tiles and uniquely addressable
DNA origami. In the DNA tile assembly, a tile had up to four
binding domains and could bind to the neighboring tiles through
the complementary sticky ends. A few types of DNA tiles with
different sequences could be programmed into periodic 2D or
3D lattices. Sticky ends protruding from the DNA origami acting
as seed strands provided rules for the attachment of DNA tiles,
yielding DNA crystals with different patterns. Also, the Winfree
group extended the algorithmic assembly using seeded growth
for complex DNA computing.247 A variety of DNA circuits were
executed by the algorithmic tile growth with the encoding
information from the seed (Figure 11E), demonstrating the high
programmability and information-richness of the seeds.

Figure 12. Self-replication of DNA nanostructures. (A) Self-replicating cycling using a DNA origami raft system. Reproduced with permission from ref
254. Copyright 2017 Macmillan Publishers Ltd. (B) Self-replicating system on cross-tile DNA origami. Reproduced with permission from ref 255.
Copyright 2019 National Academy of Sciences. (C)Mutations on the self-replicating system based on cross-tile origami. Reproduced with permission
from ref 256. Copyright 2021 National Academy of Sciences.
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Beyond the applications in algorithmic growth, seeded growth
can also guide the assembly of DNA nanostructures. Seeds
provide the nucleation sites for DNA tiles and thus significantly
accelerate tile growth. DNA tiles preferably grow on the seeds
because of the lower free energy. The Schulman group used
programmable seeds to direct the assembly of DNA nano-
tubes.248 They found that the seeds increased the number of
tube structures, suggesting that the seeds reduced the nucleation
barrier. Also, the seeds acted as the template for the nanotube
circumference. The nanotubes from the tile assembly had the
same circumference as the seeds. Although the seeded growth
provided precise control over the nucleation and growth, it
lacked control over the termination of growth. The products
usually yielded structures of uncontrolled lengths. The Schul-
man group found that the nanotube growth could be terminated
by a cap structure that bound to the growing nanotubes and
prevented the attachment of further tile monomers.249 This
method offered a programmable strategy to regulate the growth
process of nanotubes. In addition, DNA nanotubes from seeded
growth could grow to connect pairs of molecular landmarks with
different separation distances and relative orientations.250 DNA
origami positioned on the surface provided nucleation for the
self-assembly of DX tiles into DNA nanotubes. The free ends of
the DNA nanotubes diffused in the solution and joined together
to form stable connections (Figure 11F). This point-to-point
assembly showed that the self-assembly process of the DNA
nanostructures could be tuned by the assembling molecules, the
existing nanostructures, and their locations to change the shape
of the final products. As a variation of the seeded growth, free tile
monomers in the solution could incorporate into the broken
DNA nanotubes and repair the structure defects (Figure
11G).251 The free tiles reached a dynamic equilibrium between
the repair and degradation processes and thus allowed
maintaining the structures intact for a long time. It offered a
convenient approach to reverse the degraded DNA structures in
biological environments. Furthermore, the seeded growth could
also guide the hierarchical assembly of DNA nanotubes.252 Pre-
assembled DNA origami seed junctions provided multiple
nucleation positions for the tile growth. The multiple seed
locations, relation orientation, and shapes encoded the overall
morphology of the hierarchically assembled products.
4.4. Replication of DNA Structures

Self-replication is an intrinsic feature of living systems.
Replication in cells is a complex process with multiple enzymes
involved. It is still unclear how exactly life evolved from a
chemical system capable of self-replication. Developing
synthetic systems that can self-replicate from a template has
attracted much interest in the field. Artificial self-replication
promises to achieve a deep understanding of the intricate
processes in biology. Many synthetic self-replication systems
have been developed, such as the modified autocatalytic RNA
enzyme, which could perform self-sustained exponential
amplification.253 The Winfree group used DNA tile crystals to
replicate combinatorial information.93 However, few systems
exhibited exponential growth, a prerequisite for Darwinian
selection. The Seeman and Chaikin groups developed a DNA
origami raft system that could exponentially replicate a seed
pattern and presented environmental selection (Figure 12A).254

The origami raft was decorated with the pattern “T” or “A”
formed byDNA hairpins. On the opposite side of each raft, there
were eight sticky ends by which the T raft bound to the A raft.
On both edges of the daughter rafts, the second set of sticky ends

was used to connect the same type of origami rafts into a dimer.
The horizontal sticky ends contained a photo-cross-linkable
nucleotide, so that two sticky ends could covalently link under
UV light. The seed “TT” was formed from two T rafts by
hybridizing the sticky ends. The seed was mixed with a pool of T
rafts and A rafts. The self-replication process of the dimer seed
system was such that the seed rafts were recognized and
hybridized with the daughter rafts by the vertical sticky ends. A
new generation dimer was formed using horizontal bonds and
the photo-cross-linking reaction under UV light. Daughter rafts
were separated from seed rafts by heating the system. The
daughter dimer rafts then served as the seed for next-generation
offspring. Therefore, the replication of origami rafts could
exponentially continue under the UV and temperature cycles.
The authors then subjected the replication system to an
environmental condition that could regulate the replication. The
vertical sticky ends used to bind the seed and the daughter rafts
were coupled with pH-sensitive triplex-forming strands, which
dynamically adjusted the parent−daughter templating under
different pH values. It could program the pH-sensitive triplex
DNA to enable or inhibit replication. In system I, the acidic
condition enabled parent−daughter templating, while in system
II the acidic condition inhibited the templating. The replication
kinetics of system I was 1.3−1.4 times faster than that of system
II in acidic conditions. The kinetics was reversed at the basic
condition. The cases were similar, when two systems were mixed
together. The environment-dependent replication rate allowed
for the selective growth of species in multicomponent systems.
In this work, only a single copy of a parent template wasmade for
every replication cycle. Increasing the offspring number per
cycle can speed up the replication yield, which promotes the
turnover of a species in a population. Chaikin and Seeman
changed the rectangular origami rafts into DNA origami cross-
tile motifs, which could produce multiple offspring per
generation (Figure 12B).255 A single-parent cross-tile dimer
could template multiple daughter dimers on both sides, enabling
ladder-structure formation at low temperatures. The ladder
structure was then subjected to cross-linking by UV, and the
offspring separated with the parent dimer by heating, yielding a
series of daughter dimers.
Replication in biological systems is imperfect, but because the

offspring is not always the same as the parent template, it leads to
the Darwinian evolution of species. The development of error-
prone replication systems enables directed evolution, which can
be utilized to obtain offspring with desired properties. In order
to mimic the evolution, the Chaikin group introduced mutations
in the artificial self-replication tiles (Figure 12C).256 In the
replication system based on origami cross-tiles, the dimer AB
seeds templated the tile assembly of monomer tiles A and B. For
mutation experiments, a new set of tiles C and D was introduced
into the system. C and D had slightly different complementary
sticky ends compared with A and B, respectively. Therefore, A
could bind to C, while B could bind to D with a small chance. In
the replication system, starting with the AB parent dimer, the AB
templated ladder mostly contained the AB dimer and a small
portion of the CD. After UV exposure and heating, the offspring
contained mostly AB dimers and might be a small portion of
“muted” CD dimers. The mutation rate could be regulated by
the number of mismatches on the vertical recognition sticky
ends. Themutation was the first step during evolution, and when
mutated species obtained advantages like a faster growth rate,
they soon dominated the population.
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5. NANOMATERIALS TEMPLATED BY DNA ORIGAMI
Given the high sequence specificity, addressability, and
programmability of DNA, DNA origami structures are unique
molecular pegboards to organize a variety of nanomaterials, such
as silica, silica and metal composites, metallic NPs, metal oxide
NPs, carbon nanotubes, magnetic nanoclusters, polymers,
enzymes, proteins, biomolecules, and many others with
prescribed conformations and nanoscale accuracy. This
advantage opens many opportunities to construct hybrid
nanodevices, in which collective behavior, mutual interactions,
and multi-functions can be readily designed and exploited.
5.1. Inorganic Nanomaterials

5.1.1. Silica and Composites. In 2009, Jin et al. reported
the construction of DNA−silica composites with p4mm
symmetry.257 Through the silane hydrolysis reaction, the
authors created chiral DNA−silica structures,258 hierarchical

films with 2D mesostructured DNA−silica platelets,259 and
chiral silica films.260 In 2012, Auyeung et al. reported solid-state
DNA−NP superlattices based on silica encapsulation on
dsDNA.261 3D DNA superlattices consisting of AuNPs were
fabricated in solution. Silica-generating precursors, N-trime-
thoxysilylpropyl-N,N,N-trimethylammonium chloride
(TMAPS) molecules, were added and absorbed onto DNA
duplexes that connected the particles. Upon the subsequent
addition of another precursor, triethoxysilane (TEOS) mole-
cules, silica composites were generated to support the
superlattices. The resulting silica-encapsulated lattices main-
tained good stability and integrity at high temperatures and in
different solvents.
Although DNA-assisted localized silane hydrolysis has been

vastly investigated, DNA origami as customized templates to
guide the growth of silica composites was first reported only in
2018 by Liu et al.262 At a relatively low concentration of Mg2+,

Figure 13. Silica composite templated on DNA origami. (A) Growth of silica composite guided by DNA origami templates. Reproduced with
permission from ref 262. Copyright 2018 Macmillan Publishers Ltd. (B) DNA origami-enabled silica growth. Reproduced with permission from ref
263. Copyright 2019Wiley. (C) Site-specific silica growth on customized DNA templates. Reproduced with permission from ref 265. Copyright 2020
Wiley.
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the silicification of the DNA origami was achieved by a surface-
assisted two-step mechanism. First, the prehydrolysis step with
TMAPS and tetraethyl orthosilicate (TEOS) molecules formed
silica clusters. Second, the positively charged prehydrolyzed
silica precursor clusters containing multiple TMAPS molecules
were then attached to the surface of the DNA origami, enabling a
silica shell (∼3 nm) covered on the user-defined DNA origami
(Figure 13A). Nguyen et al. employed a similar approach via
sol−gel chemistry to achieve origami-templated silica growth.263
The silica shell covered and protected the encapsulated DNA
origami, maintaining the structural integrity even in the dry state
(Figure 13B). Nguyen et al. also utilized a similar silica-coating
strategy to produce ultrathin silica shell−origami hybrid
structures, which were stable in aqueous solutions and preserved
their structures in polar organic solvents.264 The coated
structures also showed enhanced nuclease resistance, which is
very useful in nanofabrication and biomedical applications.
Taking the unique addressability of DNA origami, Shang et al.

reported the site-specific synthesis of silica−DNA hybrid
materials.265 As the guiding template for the silica growth,
DNA origami was designed and constructed with extended
dsDNA at selected sites, where the protrusions showed stronger
electrostatic interactions with positively charged silica pre-
cursors than the bare origami surface. In the silicification
process, the silica clusters formed by TEOS and TMAPS
hydrolysis and absorbed preferentially onto dsDNA protrusions,
leading to the silica composite growth (Figure 13C). With the in
situ small-angle X-ray scattering (SAXS) technique, Ober et al.
investigated the structural changes of DNA origami during
silicification.266 During the early reaction, substantial con-
densation of the DNA origami framework was induced by
adding silica precursors. The silica deposition led to an increase
in the overall size of the silicified DNA structures. The silica

growth was also observed inside the DNA origami structures,
revealing a strong condensation by the silicification process and
displaying thermal stability up to 60 °C.
In addition to pure silica patterns, Zhao et al. developed a

programmable deposition method for constructing silver (Ag)−
silica-coating DNA origami.267 Thiolated DNA strands were
extended from tubular origami to guide Ag anion absorption as
seeds and subsequent in situ reduction, resulting in site-specific
metallization of Ag. Cysteamine molecules were utilized for
specific surface masking of Ag-coating areas with positively
charged amino groups, leaving the negatively charged origami
surface for addressable silica growth through similar sol−gel
chemistry. The authors demonstrated 2D silica−Ag hybrid
structures with arbitrary patterns on the DNA origami (Figure
14A). Dai et al. reported an alternative strategy for constructing
anisotropic silica−metal heterostructures.268 Triangular DNA
origami with two types of ssDNA protrusions were utilized. After
hybridization with complementary ssDNA-1, dsDNA-1 pro-
trusions were created on the origami surface, enabling the
binding of silica precursors and site-specific silicification.
Subsequently, complementary ssDNA-2 was hybridized to
create dsDNA-2 on the DNA origami, inducing the Au cluster
attachment and growth (Figure 14B). Interestingly, Shani et al.
realized 3D superconducting nanoarchitectures based on DNA
superlattices.269 Octahedral DNA origami frames were incorpo-
rated with 10 nm AuNPs in the centers of the units. Through
connections at the vertices, cubic superlattices were formed.
Silica layers were generated on the DNA bundles of the
superlattices using sol−gel chemistry, converting the soft, DNA-
based materials into solid structures. Subsequently, the silica-
coated superlattices were dispersed on silicon chips for niobium
(Nb) deposition. After coating ∼10 nm thick Nb, the
superconducting superlattices were created (Figure 14C). This

Figure 14. DNA origami-engineered silica−metal heterostructures. (A) Site-selective growth of silica−Ag on DNA origami. Reproduced with
permission from ref 267. Copyright 2021 Wiley. (B) Synthesis of silica composite and Au cluster on desired positions of DNA origami templates.
Reproduced with permission from ref 268. Copyright 2021 Wiley. (C) A superconductive superlattice based on silica and Nb coating. Reproduced
with permission from ref 269. Copyright 2020 Macmillan Publishers Ltd.
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work outlined a novel concept to build 3D superconducting
nanodevices with arbitrary geometries.
5.1.2. Calcium Phosphate and Carbon Nanotubes.

Calcium phosphate (CaP) is an important inorganic material
with excellent biocompatibility. In 2020, Liu et al. applied DNA
frameworks to guide the mineralization of CaP. In order to avoid
the inhibition of Mg2+ on CaP crystallization, Ca2+ was utilized
in the assembly process to stabilize the DNA structures. In the
solution that contained excessive phosphate, amorphous
calcium phosphate (ACP) clusters (∼1 nm) were formed on
Ca2+-stabilizing DNA structures. After introducing freshly
prepared calcium chloride (CaCl2), further crystallization of
local ACP proceeded, resulting in DNA-templated mineraliza-
tion of CaP nanocrystals. By carefully controlling the reaction
conditions, both DNA tetrahedrons and DNA origami

structures were uniformly coated with CaP nanocrystals. The
CaP shell greatly enhanced the cellular uptake efficiency as well
as the stability of DNA origami in the physiological environ-
ment.270 In 2021, Wu et al. reported an alternative method to
maintaining the site-specific decoration ability of DNA origami
after the biomineralization process.271 Streptavidin molecules
were introduced to the predefined sites on the DNA origami via
biotin−streptavidin interactions, preventing CaP from being
absorbed onto these regions. After biomineralization, biotin-
modified transferrin could still be allocated to the desired sites
on the DNA origami.
Although carbon nanotubes possess interesting electronic

properties, the arrangement of carbon nanotubes into well-
defined complex geometries has been a central challenge in
nanotechnology. Maune et al. first applied DNA origami to

Figure 15.Metal/semiconductor nanoarchitectures based on DNA origami. (A) A general fabricating method for metal and metal oxide nanoclusters
(MMONs) with arbitrary patterns on DNA origami templates. Reproduced with permission from ref 277. Copyright 2019 American Chemical
Society. (B) Helical Ag patterns on DNA filaments. Reproduced with permission from ref 278. Copyright 2021 American Chemical Society. (C) DNA
origami-enabled copper and Ag patterns with 10 nm precision. Reproduced with permission from ref 279. Copyright 2019 Macmillan Publishers Ltd.
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template ssDNA-labeled single-walled carbon nanotubes
(SWNTs) into 2D geometries, such as lines and cross-junctions.
DNA hybridization between the ssDNA tagged on SWNTs and
DNA origami guided the SWNT assembly with nanoscale
resolution.272 Taking advantage of the simple streptavidin−
biotin interactions, Eskelinen et al. presented an alternative
method to constructing DNA origami−SWNT architectures.273
Zhao et al. demonstrated DNA origami-templated SWNTs of
discrete lengths obtained by high-performance liquid chroma-
tography (HPLC) purification into intricate geometries.274 To
increase the assembly yield of DNA origami−SWNT structures,
Zhang et al. introduced an approach mediated by AuNP-based
spherical nucleic acids (SNAs).275 More specially, they prepared
ssDNA containing TAT-repeated sequence wrapped SWNTs
via hydrophobic interactions. The ssDNA-tagged AuNPs
(SNAs) were then conjugated on 2D DNA origami through
DNA hybridization with ssDNA extensions. Serving as the
bridges, the SNAs guided the ssDNA-labeled SWNTs to the
prescribed positions on the DNA origami. Due to the higher
ssDNA densities for hybridization (20 strands/100 nm2 on
SNAs vs 4 strands/100 nm2 on DNA origami), the cooperative
assemblies using SNAs resulted in an approximately 5-fold yield
of the DNA origami−SWNT architectures, which provided a
more convenient and versatile way for the fabrication of
electronic devices. In a recent work of Zhao et al., the authors
integrated DNA-guided SWNT assembly with nanometer
precision and applied them in building large arrays of high-
performance solid-state electronics.276 ssDNA sequences were
modified at the channel interface of the templates to precisely
organize SWNTs with intertube pitches as small as 10.4 nm on
the field-effect transistor (FET) substrate. The FETs exhibited
more than 10-fold improvement in key transport performance
metrics compared to previously reported biotemplated FETs.
This biomolecular assembly approach offered a new solution for
the scalable production of biotemplated electronic devices.
5.1.3. Metal, Semiconductor, and Magnetic Nano-

clusters.Metal andmetal oxide NPs are important components
in nanoelectronics and nanophotonics. Li et al. demonstrated
the growth of metal andmetal oxide nanoclusters (MMONs) on
DNA origami.277 Thiol-tagged ssDNA strands were positioned
at the designated sites on the DNA origami surface, which
possessed a strong affinity for multiple metal ions, including
palladium (Pd), iron (Fe), cobalt (Co), nickel (Ni), Ag, and Au.
In the redox reactions, the metallization proceeded and
MMONs were generated on the DNA origami (Figure 15A).
Zhang et al. reported the realization of Ag spiral structures on
DNA origami.278 1D and 2D DNA origami structures were
created with protruding ssDNA strands, which induced the local
enrichment of Ag precursors, enabling site-specific metallization
on the DNA origami. Ag spiral patterns with well-defined
chirality were obtained (Figure 15B). Furthermore, Jia et al.
reported that condensation and metallization of Cu and Ag on
DNA origami could lead to arbitrary patterns with 10 nm
precision.279 DNA origami with ssDNA protrusions was first
constructed and served as the guiding templates for efficient and
site-specific condensation of metal ions. Subsequently, localized
metal plating proceeded by redox reactions, giving rise to
metallization on the origami (Figure 15C).
Hybrid nanoarchitectures of different metal/metal oxides can

also be assembled using DNA origami. Aryal et al. reported the
assembly of gold/tellurium nanorods (AuNRs/TeNRs) on
DNA origami.280 Bar-like DNA origami was fabricated with
ssDNA strands at selective positions as binding sites for the

attachment of complementary ssDNA-coated AuNRs. Using a
Au plating solution, the redundant ssDNA on the bound AuNRs
was removed. TeNRs were then positioned in the gaps of the
tethered AuNRs on the bar template. Polybenzimidazole (PBI)
coating of the AuNR/TeNR attached DNA origami was carried
out. Subsequently, the annealing and polymer removal
procedures were used to establish the tight junction between
the AuNRs and TeNR, resulting in a continuous Au/Te/Au
wire-like nanostructure. In another work of the same group,
electroless Au plating was used to fill the gaps between the
AuNRs and TeNRs to create Au−Te−Au junctions.281 The
electronic property of the metal−semiconductor junctions was
examined by two-point electrical characterizations.
Magnetic NP assemblies engineered by DNA origami have

been recently reported. For instance, Meyer et al. assembled
magnetic iron oxide nanoparticles (IONPs) using DNA
origami.282 Hydrophobic IONPs (∼15 nm) were first function-
alized with an azide-modified amphiphilic polymer poly(maleic
anhydride-alt-octadecene) (PMAO). ssDNA sequences modi-
fied with strained alkyne dibenzocyclooctyne (DBCO) were
utilized to conjugate the azide-IONPs. Sixteen helix bundle
(16HB) DNA origami square lattices were employed as
addressable templates with ssDNA extensions to bind the
IONPs coated with complementary ssDNA strands. The
assembly of DNA−IONPs and DNA origami lattices was
evaluated using TEM and agarose electrophoresis. The resulting
IONP−origami architectures showed tunable magnetic reso-
nance imaging (MRI) contrast generation efficiency by
controlling the number and spacing of the IONPs on the
DNA origami.
Shape-controlled metal/metal oxide nanostructures have

interesting properties and can be widely utilized in nano-
photonics, light harvesting, and biosensing. In the work of Sun et
al., a ssDNA-functionalized AuNPwas assembled as a seed in the
user-defined cavity of a DNA mold to cast the growth of the
particle.283 A variety of inorganic NPs, including Au cuboids, Ag
cuboids, Ag triangles, Ag Y-shapes, and composite quantum
do−-Ag−quantum dot sandwiched structures, were synthesized
with a 3 nm resolution. In the same year, Helmi et al. reported a
similar concept to synthesize Au nanostructures with program-
mable shapes using DNA origami molds.284 Following their
previous work, Bayrak et al. reported the realization of Au
nanowires of micrometers long.285 DNA origami structures were
synthesized and used as mold bricks, which contained the
prescribed cavities for the site-specific attachment of Au seeds
and the interacting ends for the DNA mold adhesion. Specific
staple strands at the helix ends of the mold monomers were
designed with 2-nt extensions or deletions to form the
corresponding interfaces for sequential docking of the long
linear DNA mold superstructures. After the Au deposition was
initiated by the seeds, the Au nanowires grew in the cavities of
the DNA mold chains. These mold-templated metallic nano-
wires were conductive, although the conductance was limited by
the remaining gaps between the individually grown NPs. In
2019, Ye et al. improved this approach to create tubular DNA
mold superstructures with programmable lengths and pat-
terns.286 The authors designed a series of mold monomers with
specific interfaces to ensure the formation of the mold polymers
with specificity and affinity. After the modular assembly, the
metallic wires were synthesized with mold-defined patterns.
Later, Ye et al. continued to optimize the seeded-growth
procedure for casting Au nanostructures with higher aspect
ratios.287 Inside the DNA origami mold, the number of AuNPs
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for deposition to form wire structures was greatly reduced,
which supported the Au growth with high continuity. In a recent
work of the same group, the authors reported more complex
metallic structures fabricated using DNA origami building
blocks as programmable mold elements.288 A series of mold
superstructures with desired geometries were constructed by
assembling four different structural elements. After the Au
deposition within the cavities of the mold platform, versatile Au
structures, such as T-shaped, branched, dumbbell-shaped, and
loop particles, were synthesized, and they showed efficient
charge transport.
5.2. Biologically Relevant Nanomaterials

5.2.1. Polymers.DNA origami can serve as template for the
arrangement of polymer chains by accurate polymer attachment
via DNA hybridization or by site-specific polymer growth.289

Knudsen et al. constructed linearly aligned patterns of individual
polymer molecules with the aid of DNA origami.290 The (2,5-

dialkoxy)paraphenylenevinylene−DNA conjugate, termed
poly(APPV-DNA), was prepared via hydroxy-functionalized
polymers by immobilizing APPV on a CPG solid support and
subsequent automated DNA synthesis from the hydroxyl groups
of the polymer. The APPV-DNA polymer chains were then
hybridized with complementary ssDNA decorated on rectan-
gular origami (Figure 16A), and toehold-mediated strand
displacement reactions tuned the directions of the aligned
polymer chains.291 The same group further employed this
approach to create wire-like electronic/photonic devices with
arbitrary geometries.292 Using long polymers of hundred
nanometers and donor/acceptor fluorophores colocalized at
defined positions along the polymer nanowires, highly efficient
energy transfer over 24 nm was achieved (Figure 16B). Also, the
authors prepared a similar polyfluorene−DNA graft-type
polymer (poly(F-DNA)) that possessed a conjugated poly-
fluorene backbone with protruding ssDNA and anchored it on
addressable DNA origami.293

Figure 16. Polymer nanostructures based on addressable DNAorigami. (A) Precise linear patterns of individual polymers on rectangular DNA origami
templates. Reproduced with permission from ref 290. Copyright 2015 Nature Publishing Group. (B) DNA origami-enabled polymeric nanowires for
photonic investigation. Reproduced with permission from ref 292. Copyright 2021 American Chemical Society. (C) Growth of polydopamine (PD)
nanoarchitectures on DNA templates. Reproduced with permission from ref 295. Copyright 2018 Wiley. (D) Photoresponsive polymer-origami
hybrid nanostructures manipulated by multiple wavelength irradiation. Reproduced with permission from ref 297. Copyright 2022 Wiley. (E) A
dynamic assembly of 1D supramolecules on DNA origami platforms. Reproduced with permission from ref 298. Copyright 2021 Wiley. (F) An
enzyme-enabled synthesis of polynucleotide brushes on the surface of DNA nanotubes. Reproduced with permission from ref 299. Copyright 2021
Wiley.
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Another approach to integrating semiconducting polymers on
DNA origami was developed by Zessin et al.294 A block
copolymer (BCP) molecule that consisted of a water-soluble
semiconducting polymer segment (polythiophene poly(3-tri-
(ethylene glycol)thiophene), P3(EO)3T) and ssDNA was
synthesized via click chemistry. Subsequently, the P3(EO)3T-
ssDNA monomers were attached via complementary ssDNA
handles to 2D DNA origami at the desired locations, leading to
densely packed BCP patterns. The optical properties of the
packed BCPmolecules were locally tuned by regulating the π−π
stacking interactions. These interactions between the densely
packed polymers could be suppressed by introducing conjugate
polymers with N,N-dimethyldodecylamine N-oxide (DDAO), a
zwitterionic surfactant. With the increased DDAO concen-
tration, the fluorescence intensity of the assembled structures
could be rapidly recovered.
Polymer patterns can also directly grow on DNA origami.

Tokura et al. demonstrated DNA origami enabled polydop-
amine (PD) architectures.295 At the selected positions, G-
quadruplex (G4)-containing staples were extended from the
DNA origami and activated by incorporating the cofactor
molecules, hemin. With horseradish peroxidase (HRP)-
mimicking, H2O2-mediated oxidation, the G4/hemin-based
DNA enzyme (DNAzyme) domains catalyzed the dopamine
polymerization in the solution to form polymer bundles on the
origami (Figure 16C). Similarly, tubular origami carrying atom
transfer radical polymerization (ATRP)-initiator moieties on
the outer surface was assembled to form a polymeric tubular
nanoreactor. The interior space of the nanoreactor was
successfully used as a mold for dopamine polymerization. In
addition, the same group developed a photosensitive polymer
growth approach by introducing protoporphyrin IX molecules
to the origami−DNAzyme system.296 The photosensitizers were
embedded in G4 structures on the DNA origami and locally
catalyzed the oxidation of dopamine to PD upon irradiating

visible light, generating predefined polymeric patterns. They
further demonstrated multiwavelength photocontrolled poly-
mer−origami hybrid structures.297 Three types of photo-
sensitizers, protoporphyrin IX, eosin Y (EY), and methylene
blue (MB), that responded to different wavelengths were
introduced to G4 on the origami tube, producing reactive
oxygen species (ROS) by corresponding irradiations to initiate
polymerization (Figure 16D). This approach was then
employed in the patterned and layered growth of different
polymers on DNA origami.
Taking one step further, Schill et al. reported dynamic 1D

supramolecular assemblies on DNA origami.298 Bipyridine-
based C3-symmetry amphiphilic, discotic molecules were used
as monomeric building blocks in the synthetic polymer system.
Rectangular origami was employed as an organizing template for
guiding DNA-functionalized disc-like monomers to form the
discrete assembly at designated locations, where complementary
ssDNA handles were extended. After recruiting additional non-
DNA-tagged monomers, the continuous supramolecular
assembly was realized on the origami (Figure 16E). Such
templated supramolecular assemblies enabled dynamic rear-
rangements of monomeric building blocks and molecular
cargoes by regulating their compositions. Going further, Yang
et al. demonstrated an enzyme-aided, site-specific approach for
synthesizing polynucleotide brush-decorated DNA nano-
tubes.299 Staples that contained 3′ oligo-dT as the terminal
deoxynucleotidyl transferase (TdT) initiator were utilized in the
origami assembly, resulting in site-selectively extended initiators
on the origami. In the presence of TdT and dNTP, TdT-
catalyzed enzymatic polymerization enabled the growth of high-
molecular-weight nucleotide chains at the designated locations
(Figure 16F). The brush-like polynucleotide chains significantly
improved the stability and nuclease resistance of the structures,
which are essential for drug delivery and other biological
applications.

Figure 17. Enzyme−nanocontainer systems based on DNA origami. (A) An origami nanocage incorporated enzyme for enhanced stability and
catalytic efficiency. Reproduced with permission from ref 301. Copyright 2016 Nature Publishing Group. (B) A strand-triggered reconfigurable DNA
nanovault for precisely controlled enzyme reactions. Reproduced with permission from ref 302. Copyright 2017 Nature Publishing Group. (C) A pH-
responsive DNA nanocapsule for precise regulation of catalytic compatibility. Reproduced with permission from ref 186. Copyright 2019 American
Chemical Society.
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5.2.2. Enzymes. In living organisms, biochemical functions
are often achieved through highly efficient enzymatic reactions.
There have been intense research activities to build artificial
enzymatic systems. Nevertheless, the dynamic catalytic
processes, transient interactions between enzymes and sub-
strates, as well as complicated reaction environments all cast
great challenges to mimic the key features and functions of the
biological systems. Taking advantage of the inherent properties
of DNA, the field has achieved remarkable progress in DNA-
origami-templated enzymatic reaction systems. A series of
artificial enzymatic platforms have been successfully created
with precise spatial organization and dynamic controllability.

5.2.2.1. Enzymatic Reactions in Nanocontainers.Niemeyer
and co-workers reported the site-selective enzyme modification
and precise assembly of enzymes on DNA origami.300

Orthogonal tags (Snap-tag, HaloTag, or streptavidin-binding
peptide) were genetically fused into recombinant enzymes (S-
selectiveNADP+/NADPH-dependent oxidoreductase Gre2 and
the reductase domain BMR of the monooxygenase P450 BM3).
The two tagged proteins were coupled with ssDNA in a site-
specific manner and subsequently anchored on addressable

DNA origami sheets at the prescribed positions. Free-flow
electrophoresis (FFE) was employed to purify the enzyme-
attached DNA origami. In contrast to free enzyme molecules,
origami-tethered enzymes showed enhanced activities. Later,
Zhao et al. designed a nanocaged enzyme system using DNA
origami to enhance the stability and catalytic efficiency of
protein molecules in a complex environment.301 Metabolic
enzymes (glucose oxidase (GOx) and horseradish peroxidase
(HRP) molecules) were modified through succinimidyl 3-(2-
pyridyldithio) propionate (SPDP) coupling of a lysine residue
on the protein surface and thiol-tagged ssDNA. Open half-cages
were self-assembled based on honeycomb-lattice origami.
Protein molecules with ssDNA modifications were anchored
in the cavities of the half-cages via DNA hybridization. A
complete cage containing two different enzymes was formed by
linking two half-cages together through the hybridization of
short DNA bridge strands extended from their edges (Figure
17A). It was demonstrated that the DNA nanocages could
protect the inner enzyme payloads against protease-mediated
degradation and aggregation.

Figure 18. Enzyme cascade systems on DNA origami platforms. (A) Light-driven enzyme pairs assembled on DNA origami. Reproduced with
permission from ref 305. Copyright 2018 American Chemical Society. (B) An artificial origami raft for real-time imaging of the enzyme cascade.
Reproduced with permission from ref 306. Copyright 2017 American Chemical Society. (C) Sequential enzymatic cascade and substrate channeling
based on DNA origami. Reproduced with permission from ref 308. Copyright 2019 American Chemical Society. (D) Dynamic control of molecular
cascade reactions on a reconfigurable DNA origami domino array (DODA). Reproduced with permission from ref 310. Copyright 2021 Wiley.
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Beyond the enzyme encapsulation using static DNA origami,
Grossi et al. applied reconfigurable DNA nanocontainers to
enclose enzymemolecules in their cavities and precisely regulate
enzyme−substrate interactions.302 An open nanovault origami
structure was designed to contain a single enzymemolecule. The
vault was closed by adding the corresponding locking strands, so
the enzyme was shielded from its substrates in the solution. In
the presence of the opening key strands, the nanovault was
activated to the open state and exposed to the internal cargo,
enabling the enzymatic reactions (Figure 17B). Ijas et al. also
designed similar enzyme capsules, whose reconfigurable
motions were controlled by changing the pH value of the
solution.186 Triplex-containing pH-responsive DNA latches
were integrated into the nanocapsules for reversible opening
and closing (Figure 17C). DNA containers protected HRP
molecules as inner payloads, whose catalytic compatibility was
precisely regulated by the pH changes of the solutions.
Furthermore, Kosinski et al. studied the role of the DNA
container in an enzyme-loaded nanocage system.303 Thrombin
molecules were trapped in the cavities of 2D rectangular sheets
or 3D boxes through the binding of enzymes with their specific
aptamers. The authors showed that the catalytic reaction rates
were influenced by the DNA−enzyme binding affinity and
DNA−substrate electrostatic interactions. Based on the kinetic
analysis of the catalytic properties, the DNA frameworks not
only served as nonfunctional scaffolds but also actively
participated in and affected the reactions as modifiers by
providing alternative kinetic routes for the substrate hydrolysis.

5.2.2.2. Enzymatic Reactions on Other DNA Origami
Platforms. Fu et al. used spatially addressable DNA origami

tiles to precisely organize discrete enzyme molecules (e.g., GOx
and HRP) and studied the inter-enzyme distance-dependent
kinetics of the assembled enzyme pairs.304 Also, they reported a
similar enzyme cascade system that could be regulated by
light.305 The glucose6-phosphate dehydrogenase (G6pDH) and
lactate dehydrogenase (LDH) molecules worked as the enzyme
cascade, and nicotinamide adenine dinucleotide (NAD+)
worked as the cofactor. The G6pDH−LDH enzyme pairs
were anchored onto the DNA origami at a controlled distance,
while NAD+ was conjugated to a DNA Holliday junction (HJ)
that served as a swingarm located between the two enzyme
molecules. The photoresponsive azobenzene (AZO) molecules
were introduced into the HJ using AZO-conjugated DNA
strands, which enabled light-driven hybridization by visible light
and dehybridization by ultraviolet light for the reversible control
of the NAD+ molecule’s position. The light-driven switching of
NAD+ regulated the enzyme cascade activity between on and off
states (Figure 18A). These results showed that addressable
DNA origami-based systems allowed the rational assembly of
DNA−enzyme heterostructures. The finely tuned intermolec-
ular distances between enzymes and substrates efficiently
regulated the activity of enzyme cascades. In 2017, Sun et al.
reported a DNA origami-based artificial raft for real-time
imaging of the enzyme cascade on a supported lipid bilayer
(SLB) at the single-molecule level.306 To anchor the artificial
raft on the SLB, cholesterol (CHOL)-tagged dsDNA strands
were extended from the bottom surface of the 2D triangular
origami. The origami raft was also functionalized with a Cy3-
labeled ssDNA strand and an Atto488-modified GOx molecule
on the top surface. As a downstream enzyme in the cascade

Figure 19. Biofunctional regulation by enzyme−origami systems on molecular levels. (A) Gene expression controlled by a DNA origami-based logic
chip. Reproduced with permission from ref 312. Copyright 2018 Nature Publishing Group. (B) RNA production and processing facilitated by a DNA
origami-based nanofactory. Reproduced with permission from ref 313. Copyright 2020 American Chemical Society. (C) A synthetic apoptosome
constructed by a caspase-9-integrated DNA origami platform. Reproduced with permission from ref 314. Copyright 2020 Nature Publishing Group.
(D)High-resolution imaging and tracking biological events byDNA origami rotors. Reproduced with permission from ref 315. Copyright 2019Nature
Publishing Group.
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reactions, Alexa647-tagged catalytic molecules were modified
with ssDNA and tethered to the SLB via hybridization with
CHOL-ssDNA (Figure 18B). The movements of dye-labeled
enzyme molecules on the SLB were recorded by total internal
reflection fluorescence microscopy (TIRFM). Furthermore, this
real-time single-molecule characterization method was used to
elucidate the correlation between the catalytic performance and
the docking sites by Xu et al.307

In 2019, Klein et al. demonstrated a multi-enzyme cascade
system with enhanced catalytic efficacy assembled on DNA
origami.308 A 2D triangular origami structure was employed to
attach three ssDNA-tagged enzymemolecules (sugar metaboliz-
ing enzyme amylase, maltase, and glucokinase) in close
proximity, allowing for a sequential enzymatic cascade and
substrate channeling (Figure 18C). The results revealed a 30-
fold enhancement of the catalytic activity, which could probably
be attributed to increased enzyme stability, a localized surface
affinity, or the hydration layer effect. Kahn et al. presented
another enzyme cascade platform using a 3D DNA wireframe
octahedron.309 Similar to previous reports, GOx and HRP
molecules were anchored onto the origami superlattices with
precise positioning. To explore the 3D enzyme organization, the
team created an enzyme−origami library with different 3D
arrangements of the protein location, orientation, and
intermolecular spacing. The experimental data revealed that
the enzymatic cascade activity was enhanced by decreasing the
spacing over the 3D origami structures. In addition, the
structural continuity of the origami between the enzyme
linkages affected the catalytic activity. Furthermore, Fan et al.
designed a reconfigurable DNA origami domino array (DODA)
for the dynamic control of molecular cascade reactions.310 The
DODA structure was used to anchor the reactants with
nanometer spatial precision (Figure 18D). In the presence of
distinct trigger strands, the DODAs transformed from narrow to
wide conformations, influencing the proximity of the preor-
ganized reactants and self-assembly reactions. This work
presented a feasible approach to regulating molecular cascade
reactions based on dynamic origami platforms.

5.2.2.3. Enzyme-Based Nanodevices. Enzyme-integrated
DNA origami can be used to achieve particular functions. For
instance, Belcher and co-workers showed a G4/hemin
DNAzyme−origami hybrid platform to create size-controlled
SWNTs.311 The DNAzyme moieties were attached to the
origami with precise spatial control. Long SWNTs were
wrapped with biotin-tagged ssDNA to enhance their dispersity
in an aqueous solution. The ssDNA−SWNTs were then guided
to assemble on the DNA origami surface with predefined
biotin−streptavidin decorations. G4/hemin DNAzyme local-
ized on the origami then catalyzed the production of free radicals
and induced chemical oxidation at designated positions,
resulting in size-controlled cutting of SWNTs. Masubuchi et
al. reported a DNA origami-based logic chip to control gene
expression.312 Rectangular DNA origami containing SNAP-
binding ligands was fabricated to precisely anchor SNAPf
protein-fused T7 RNA polymerase (RNAP) molecules (Figure
19A). After covalent attachment of enzymes and purification,
the T7−origami chip structures exhibited low affinity and
transcription activity for the externally diffusing genes. The
target gene was then integrated into the T7−origami chip via
avidin−biotin interaction, and the enzyme−gene distances were
precisely regulated by the origami nanosheet. Several factors,
including the intermolecular spacing between the enzyme and
the substrate, the tethered direction of the gene, as well as the

length and rigidity of the linker, were proved to influence the
transcription activity of the T7-gene chips. Multiple target-gene
expression output could be rationally designed by precisely
controlling the gene substrates attached to the system through
varying the intermolecular distances of the enzymes. A logic-
gated transcriptional chip was also constructed. It could respond
to water-in-oil droplets and facilitate the expression of defined
genes.
Furthermore, Hahn et al. demonstrated a DNA origami-based

platform for RNA production and processing.313 The functional
components, including the RNA polymerases, RNA endonu-
cleases, and DNA templates for rolling circle transcription and
processing of RNA, were anchored in the cavity of a barrel-like
DNA origami container (Figure 19B). The RNA-producing
parts consisting of dsDNA templates and T7 RNA polymerases
could generate the target RNA copies encoded by the
corresponding templates. The multicopies of premature RNA
transcripts were then cleaved by the integrated RNA
endonucleases in the nanofactory that served as RNA-processing
units, resulting in the production of mature RNAmolecules. The
origami-based nanofactory could be further developed, allowing
the generation of therapeutic RNA (such as shRNA andmRNA)
and other types of macromolecules for biological applications.
Rosier and co-workers used DNA origami to assemble caspase-9
monomers and regulate the inter-enzyme spacing. They
demonstrated that DNA origami−protein assemblies could
work as synthetic apoptosomes.314 For protein−DNA mod-
ification, caspase-9 expressed with unnatural amino acid (p-
azidophenylalanine) was conjugated to bicyclononyne (BCN)-
tagged ssDNA through azide−alkyne cycloaddition. Comple-
mentary ssDNA handles protruded from the rectangular DNA
origami and were used to precisely anchor the individual caspase
monomers via DNA hybridization (Figure 19C). After testing
the distance-dependent enzyme activity of the origami−enzyme
assemblies with different interprotein spacings, the results
showed that the catalytic capability was induced by proximity-
driven dimerization of caspase-9. The enzymatic activity of the
assemblies could be further enhanced by clustering three and
four caspase-9 monomers, revealing the multivalency of the
platform. This work provided a unique tool based on DNA
origami to study the functions of multi-enzyme complexes in
biological processes, including inflammation, innate immunity,
and cell death.
DNA origami can also be utilized in high-resolution imaging

and biological event tracking. Kosuri et al. reported a
fluorescence-tagged DNA origami rotor to facilitate the
measurement of DNA rotation, which was usually associated
with genome-processing reactions at the single-molecule level
with a time resolution of milliseconds.315 A cross-shaped
honeycomb lattice origami rotor consisting of four blades
(each with a length of 80 nm) was designed to amplify the DNA
motions and stiffness to minimize the obscuring effect of
Brownian fluctuations. One tip of the rotor blades was modified
with a fluorescent dye for imaging and tracking. The center of
the DNA rotor was connected with motor protein by a dsDNA
segment along the axis of rotation, which served as the substrate
for DNA-interacting enzymes (Figure 19D). Using the origami-
rotor-based imaging and tracking (ORBIT)method, the authors
tracked DNA rotations by helicase-involved DNA repair
(RecBCD complex) and characterized a series of events during
RecBCD-initiated DNA unwinding. For another application of
tracking DNA rotations during transcription by RNAP, the
rotational steps of a single base pair were detected by ORBIT.
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Figure 20. Spatial organization of protein on DNA origami. (A) Co-assembly of DNA origami and collagen-mimetic peptides into the ordered
nanowire. Reproduced with permission from ref 316. Copyright 2017 American Chemical Society. (B) Formation of DNA origami dimer using
peptide as the linker. Reproduced with permission from ref 317. Copyright 2019 American Chemical Society. (C) Antigen patterns guided by DNA
origami for the study of antigen−antibody interactions. Reproduced with permission from ref 320. Copyright 2019 Nature Publishing Group. (D)
Artificial epitopes precisely anchored on triangular DNA origami to capture IgGmolecules. Reproduced with permission from ref 321. Copyright 2020
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5.2.3. Proteins and Other Biomolecules. 5.2.3.1. Spatial
Organization. Biological systems reveal that multiple types of
biomolecules can co-organize into complex assemblies with
diverse functions. For instance, lipids and proteins assemble into
cell membranes. One of the important goals of DNA
nanotechnology is to emulate biological systems using synthetic
hybrid nanostructures. The scope of structural DNA nano-
technology can be further expanded by adopting different types
of biomolecules as building blocks. Proteins play crucial roles in
cells, including molecular recognition, catalytic activities, and
transportation. In addition, proteins are more structurally
diverse than DNA. Integrating proteins with DNA nano-
technology can provide functional protein nanoassemblies
with prescribed geometries. Although early studies demon-
strated the attachment of proteins and enzymes to DNA
nanostructures for various applications, the utilization of
proteins as building blocks for protein−DNA hybrid nanostruc-
tures has just begun in recent years.
Significant progress has been achieved toward creating hybrid

biomaterials containing peptides/proteins and nucleic acids.
Depending on the roles of proteins in constructing hybrid
nanostructures, they may get involved in the hybrid structures in
several ways. The most straightforward example is a protein or
peptide that connects different DNA nanostructures as a linker.
The Ke group demonstrated the coassembly of DNA origami
and collagen-mimetic peptides into hybrid peptide−DNA
nanostructures (Figure 20A).316 The authors found two
peptides CP+2 and sCP+2 (consisting of a central neutral block
and two positively charged domains at the C-and N-termini),
and two-layer DNA origami could assemble into 1D nanowires.
The positively charged peptides on both ends could connect
negatively charged DNA nanostructures into ordered 1D
nanowires. The peptides and DNA nanostructures were linked
through face-to-face stacking or edge-to-edge stacking by
adjusting the dimension of the DNA nanostructures. Similarly,
the Turberfield group used peptide−oligonucleotide as a bridge
to connect two DNA origami into hybrid structures (Figure
20B).317

Quyang et al. reported 2D and 3D DNA origami with cavities
to immobilize antibodies.318 NTA-modified ssDNA strands
attached to the cavities of the origami were used to form the
NTA-Ni2+ complex with histidine clusters containing polyclonal
mouse immunoglobulin G (IgG) antibodies. To enhance the
stability of the antibody−origami constructs, the authors
achieved a covalent linkage between origami cavities and lysine
residues of antibodies by using amine-containing origami and
bifunctional bis(sulfosuccinimidyl) suberate (BS3) cross-linking
molecules. This work provided a method for precisely docking
antibodies into rationally designed origami cavities, allowing for
the fine-tuning of the distances among multiple macro-
molecules. Knappe et al. constructed virus-like origami particles
using an icosahedral DNA framework that provided predefined
sites for in situ covalent functionalization.319 DNA origami
structures were folded with scaffold strands and dibenzocy-

clooctyne amine (DBCO)-containing staple strands, displaying
specific locations for the subsequent covalent conjugation via
click chemistry. After the reaction with azide-modified moieties
(including small molecules, carbohydrates, peptides, polymers,
and proteins), the functionalized DNA origami particles were
then purified by HPLC to remove the redundant nanomaterials.
This facile approach for the covalent modification of DNA
nanostructures post-assembly can be used as a tool for versatile
biomedical applications, in which robust functionalization of
DNA nanostructures is needed.
DNA origami also provides a unique platform to investigate

macromolecular interactions and special nanopatterns that are
crucial for biophysical and biochemical processes. Shaw et al.
introduced two types of DNA nanostructures, an 18-helix rod
and a 44-helix brick, as drawboards for the arrangement of the
staple-ssDNA tagged-antigen molecules (digoxigenin, DIG; 4-
hydroxy-3-iodo-5-nitrophenylacetate, NIP; or 4-hydroxy-3-
nitrophenyl, NP).320 Through oligonucleotide hybridization,
these origami-aided, precisely controlled antigen patterns were
immobilized on a surface plasmon resonance (SPR) chip,
followed by interactions with corresponding antibodies (Figure
20C). The antibody binding affinities varied with the antigen
distances, ranging from approximately 3 to 17 nm. To
investigate antibody−antigen interactions at a biomimetic
interface, Zhang et al. demonstrated triangular DNA origami
structures with precisely anchored artificial epitopes to capture
IgG molecules.321 Six pairs of digoxin molecules as model
epitopes were anchored on the triangular origami with
nanometer precision for antibody binding (Figure 20D). The
dynamic process of IgG binding to epitopes-displaying origami
was studied by high-speed atomic force microscopy (HS-AFM)
at the single-molecule level.
Importantly, DNA nanostructures can work as templates for

protein self-assembly. Inspired by the tobacco mosaic virus,
where coat proteins self-assemble on an RNA template, Zhou et
al. demonstrated the in situ assembly of tobacco mosaic virus
(TMV) coat proteins on DNA origami structures (Figure
20E).322 The coat proteins were selectively assembled on
different locations of the DNA origami using the TMV genome-
mimicking RNA strands. Both the length of the coat protein and
the number of anchored locations could be stoichiometrically
controlled by the RNA strand. They further showed that the
anchoring of the coat proteins on the DNA origami could be
dynamically controlled.323 The RNA was arranged with a series
of path points on theDNA origami by hybridization with ssDNA
protruding from the origami. The RNA sequences, which
hybridized with the captured DNA, could not direct the
assembly of the TMV proteins on the origami. By selectively
releasing the RNA from the captured DNA via toehold-
mediated strand displacement reactions, the assembly pathway
of the coat proteins could be dynamically controlled on the
triangular DNA origami. The in situ assembly of the TMV
protein inside a confined DNA origami barrel was challenging
because the RNA strand was likely to stay out of the barrel

Figure 20. continued

Nature Publishing Group. (E) DNA origami as a foundation for RNA-directed protein assembly. Reproduced with permission from ref 322. Copyright
2018 American Chemical Society. (F) DNA origami octahedron-guided protein lattice assembly. Reproduced with permission from ref 324. Copyright
2021 Macmillan Publishers Ltd. (G) Protein L7Ae-induced bending of an RNA double strand into a triangle. Reproduced with permission from ref
325. Copyright 2011 Macmillan Publishers Ltd. (H) Self-assembly of genetically expressed DNA−protein hybrid nanostructures. Scale bar: 50 nm.
Reproduced with permission from ref 327. Copyright 2017 AAAS. (I) A DNA cage from self-assembly of DNA and protein. Reproduced with
permission from ref 328. Copyright 2019 American Chemical Society.
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during the protein assembly. Nevertheless, the dynamic
assembly of the TMV protein into the barrel space was guided
by arranging the RNA path onto the inner surface of the DNA
barrel. Furthermore, DNA nanostructures can direct the
assembly of proteins into ordered geometries. Wang et al.
reported that functional proteins could be assembled into
ordered 2D and 3D protein arrays with the guidance of DNA
nanostructures. They used polyhedral DNA frames to
encapsulate protein ferritin and apoferritin and assembled
them into 2D and 3D lattices (Figure 20F).324

Proteins can also direct the assembly of hybrid nanostruc-
tures. Some DNA/RNA binding proteins can induce the
bending of DNA/RNA. These proteins can thus be utilized to
fold nucleic acids into desired shapes. For example, Ohno et al.
used the ribosomal protein L7Ae to fold the RNA duplex into a
triangular shape (Figure 20G).325,326 This was achieved by the
fact that L7Ae could cause the K-turn RNA motif to bend∼60°.
This work established the foundation for using RNA binding
proteins to fold hybrid structures. Praetorius et al. further
generalized this strategy and invented the DNA−protein
origami method.327 Inspired by the DNA origami design,
where long ssDNA acts as a scaffold and short DNA strands act
as staples, the authors used dsDNA as a scaffold and
transcription activator-like (TAL) effectors as staples. Each
staple protein consisted of two DNA binding domains that
bound to dsDNA with specific sequences. A linker connected
the two DNA binding parts, and the staple protein formed an
antiparallel crossing after binding two parallel double DNA
helices, mimicking the antiparallel crossovers used in DNA
nanotechnology. They used 12 TAL proteins to fold into 18
distinct nanostructures, demonstrating the generality of this
strategy for the self-assembly of DNA−protein hybrid structures
into arbitrary shapes. The assembly of the DNA−protein
origami was also demonstrated in a cell-free environment with
genetic components (Figure 20H), suggesting that the protein−
DNA origami could be produced and self-assembled in vivo. The
hybrid DNA−protein origami method is a significant achieve-
ment, as it offers an important method for creating functional
nanostructures compatible with biological systems. In a different
study, Stephanopoulos and co-workers discovered that proteins
could direct the hybrid nanostructures through the oriented
valency.328 They coassembled a DNA-modified homotrimeric
protein and a triangular DNA base with complementary handles
into a hybrid protein−DNA tetrahedron cage (Figure 20I). The
spatially oriented modified DNA on the homotrimeric protein
directed the binding orientation and valency with the triangular
DNA base.

5.2.3.2. Regulation of Cell Functions. Comberlato et al.
constructed DNA origami-based nanomaterials for cellular-level
immune stimulation, decorated with CpG ODNs, a type of
ligand for Toll-like receptor 9 (TLR 9).329 On the addressable
surface of the disk-like DNA origami, CpG motifs with different
lengths of linkers were attached to form ligand patterns. The
authors created a series of DNA structures with a controlled
interligand spacing of immunostimulatory CpG sequences and
studied their effects in marine macrophages, Raw 264.7. In their
results, the lengths of the linkers could influence the spatial
binding tolerance between ligands and receptors. The increased
activation of immune signaling was observed when CpG ligands
were pinned at a distance of 7 nm, which matched the dimer
structure of TLR 9.
Based on antigen organization in a controlled manner,

Veneziano et al. designed an origami platform to study B-cell
activation.330 They first created two types of DNA origami
structures, a rigid DNA nanorod with a length of 80 nm and an
icosahedral DNA framework with a diameter of 40 nm, to
organize discrete antigen molecules. To trigger the B-cell
response, they used the HIV-1 envelope glycoprotein antigen
gp120 (termed eOD-GT8, ssDNA-modified) as a model
immunogen, which was site-specifically attached to the DNA
origami with ssDNA overhangs via hybridization (Figure 21A).
The impact of the structural parameters, including the antigen
copy number, inter-antigen separation, geometry, and rigidity of
the DNA origami, on B-cell activation was investigated.
Only five copies of eOD-GT8 presented on the surface of the

DNA framework triggered maximum B-cell response, while
increasing the valency of antigen copies did not further enhance
the cellular response. The inter-antigen spacing and rigidity of
the origami were proved to be essential for the B-cell receptor
activation. 25∼30 nm of antigen spacing and rigid templates for
antigen presentation elicited robust B-cell triggering. Fang et al.
reported a similar design to usingDNA origami wireframe sheets
for facilitating the spatial control of programmed death-ligand 1
(PD-L1) molecules and studying their effects on T-cell
signaling.331 In their work, the origami-modified CD3/CD28
antibodies could trigger T-cell activation, while co-treatment
with PD-L1-origami, on which protein ligands were separated by
200 nm, suppressed the T-cell signaling (Figure 21B). The
authors also found that a single PD-L1 protein on the DNA
origami or two ligands with an inter-distance of 13 or 40 nm
could not inhibit the T-cell signaling mediated by CD3/CD28
antibodies. Their findings provided insights into the molecular
interactions of significant immune responses and the rational
design of therapeutic platforms using DNA origami. Further-

Figure 21. Protein decoration on DNA origami templates and regulation of biological functions. (A) Antigen displaying origami nanoplatform for B-
cell activation. Reproduced with permission from ref 330. Copyright 2020 Nature Publishing Group. (B) PD-L1-decorated DNA origami sheet
structures for T-cell signaling. Reproduced with permission from ref 331. Copyright 2021 American Chemical Society.
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more, Hellmeier et al. utilized DNA origami to precisely
organize macromolecules and studied the intracellular signaling
triggered by the engineered extracellular ligand−origami
constructs.332 Using T-cell antigen receptor (TCR)-peptide/
MHC (pMHC) as a model ligand, the authors designed and
implemented an origami interface that allowed spatial protein
arrangement. The control over ligand distances with nanometer
precision was achieved without interfering with the subsequent
biological functions. By using pMHC−origami nanostructures,
their work proved that the minimum unit consisting of two
TCRs within a distance of 20 nm was sufficient for the T-cell
activation. In addition, Sun et al. presented several pMHC
assemblies based on 2D DNA origami to regulate T-cell
functions.333 The 2D triangular DNA origami with biotin sites
was used to recruit streptavidin (SA) molecules and then
biotinylated pMHC ligands for generating 2D pMHC multi-
mers. The binding avidity of these assemblies with antigen-
specific TCR displayed on the surface of T cells was regulated by
different inter-pMHC spacing and ligand stoichiometries. Their
results suggested that decreasing the nanospacing between two
ligands and increasing the number of ligands on the origami
could enhance the interaction of the pMHC multimers with the
TCRs. The improvement of the binding avidity was then applied
to animal models. The pMHC multimers exhibited greater
capability to detect antigen-specific T cells with lower expression
of TCRs, which were difficult to detect by equivalent tetramers.

6. DNA ORIGAMI-BASED DRUG DELIVERY AND
THERAPY

Delivery of functional macromolecules, such as proteins,
peptides, and nucleic acids, to their targeted working environ-
ments is crucial for treating diseases. DNA origami itself can be
directly used as a functional agent for disease therapy. It can also
work as intelligent carriers that integrate multiple biofunctional

components, including small molecular drugs, NPs, peptides,
proteins, nucleic acids, and many others, for efficient drug
delivery, diagnosis, and therapy. For instance, Jiang et al.
employed DNA origami as a therapeutic agent to alleviate acute
kidney injury (AKI).334 The authors prepared isotope-labeled
DNA origami nanostructures (DONs) with Cu-64 to investigate
their biodistribution and metabolism in mice. The positron
emission tomography (PET) imaging results revealed that
DONs accumulated in the kidneys of healthy mice or
rhabdomyolysis-induced AKI mice. Due to their reactive oxygen
species (ROS)-scavenging effects, the DON treatment showed
preferable renal-protective properties in AKI animals with cell
damage caused by local ROS. Furthermore, Ma et al. developed
a folic acid (FA)-decorated DNA origami as nanomedicine for
rheumatoid arthritis (RA) therapy.335 Taking advantage of the
efficient ROS- and nitric oxide (NO)-scavenging capability of
DNA, the DNA nanostructures worked as antioxidant agents for
inflammations. FA molecules in the assemblies were used as
targeting ligands for pro-inflammatory M1 macrophages, which
predominantly promoted RA progression, including monocyte
recruitment, fibroblast proliferation, and pro-inflammatory
cytokine secretion. After treating FA-decorated DNA origami
structures in mice with RA joints, ROS and NO in M1
macrophages were efficiently scavenged, facilitating the M1-to-
M2 transition of macrophages. The effective alleviation of
inflammatory damages and attenuating progression of RA were
observed after the antioxidant therapy.
Also, Sigl et al. designed virus-sized DNA icosahedral origami

shell structures to trap entire viral particles and inhibited the
viral infection of host cells.336 Based on the geometric principles
of viral capsids, the authors constructed various DNA shells
decorated with DNA-tagged antibodies to enhance specific virus
covering. By using different binding moieties within the DNA
shells, hepatitis B virus (HBV) core particles and adeno-
associated virus serotype 2 (AAV2) were able to be engulfed and

Figure 22. Drug delivery and therapeutic application based on DNA origami. (A) IgG-mediated stabilization and antigen-triggered disassembly of
icosahedral DNA origami shells. Reproduced with permission from ref 337. Copyright 2021 American Chemical Society. (B) A barrel-shaped DNA
origami nanorobot for precise delivery of antibody fragments to the cell surface. Reproduced with permission from ref 183. Copyright 2012 AAAS. (C)
A nanosheet displaying thrombin-binding aptamers for controllable anticoagulation. Reproduced with permission from ref 344. Copyright 2021
Nature Publishing Group. (D) A thrombin-containing DNA nanorobot for selective occlusion of tumor vessels. Reproduced with permission from ref
341. Copyright 2018 Nature Publishing Group.
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captured. It was demonstrated that the DNA shells could
effectively inhibit HBV interaction in an in vitro blocking assay
and neutralize the AAV2 virus in the cell cultural environment.
In addition to treating viral infections, this study provided an
economical and effective DNA-based nanoplatforms to deliver
drugs, genes, or immunostimulatory moieties for future clinical
applications. Apart from the static structures, the same group
also constructed switchable DNA shells that were stabilized by
IgG molecular staples and triggered to disassemble in the
presence of corresponding antigens (Figure 22A).337 The
multilayer icosahedral origami shell was assembled using 20
identical triangular origami units via shape-complementary
stacking, which was stabilized by high magnesium concen-
trations (25 mM MgCl2). Neighboring triangular units with
antigen pairs on their triangle−triangle edges were used as
bivalent binding sites to form IgG antibody−antigens bridges.
After incubation with soluble antigen molecules, the IgG staples
were replaced from the icosahedral shell, and the structural
reconfiguration was triggered. This work elucidated a sound
antigen-sensing strategy to use DNA origami as a novel
nanocarrier for stimuli-responsive cargo release. Furthermore,
Douglas et al. demonstrated a barrel-shaped DNA nanorobot
that facilitated the payload delivery to the surfaces of target
cells.183 The origami-based nanorobots were utilized to load
ssDNA-taggedNPs or antibody fragments via hybridization with
the complementary strands extended from their inner cavities.
Aptamer-containing logic gates were applied to seal the robotic
origami structures, which could respond to corresponding
receptors expressed on the target cells, allowing the specific
origami reconfiguration for functional payload exposure (Figure
22B). By controlling the interactions between the payloads and
specific receptors on the cell surface, the nanorobots were
employed to manipulate the phosphorylation signaling of target
cells. Arnon et al. utilized DNA origami robots in living insects
(Blaberus discoidalis).338 Their work revealed that artificial DNA
nanodevices could perform complicated tasks in biological
environments, even in living organisms.
The Ding group reported a series of origami-based drug

delivery vehicles for chemotherapeutic agents and biofunctional
macromolecules and tested their therapeutic effects in vitro and
in vivo.339−344 In one representative work, DNA origami was
used as a cytotoxic protein vehicle for cancer therapy.344

Rectangular DNA origami sheets were constructed to decorate
ssDNA-tagged ribonuclease (RNase) A molecules via hybrid-
ization. MUC-1 aptamer strands that targeted mucin 1
(glycoproteins overexpressed on the surface of MCF 7 cells)
were attached to the edges of the origami sheets to enhance the
breast cancer cell internalization of the nanocarriers. In contrast
to free cytotoxic proteins, origami-loaded RNase A elicited more
efficient cancer cell-killing functions, which could be adapted to
other protein drug delivery. They also presented a DNA
origami-based, thrombin-binding aptamer nanoarray for a
controllable anticoagulation study.344 Two types of thrombin-
recognizable aptamers that could bind different exosites of the
protein were decorated on the surface of a rectangular DNA
origami sheet with precisely controlled inter-distances. The
potent protein binding affinity of the bivalent aptamer array was
achieved when the inter-aptamer spacing was controlled to be
5.4 nm, which matched the dimension of the thrombin
molecules (∼4 nm). The aptamer arrays were then used in
human plasma/whole blood and mice in vivo, which induced
effective and reversible anticoagulation that could be neutralized
by aptamer-complementary strands (Figure 22C). Even further,

Li et al. developed a DNA origami-based, robotic nanocarrier to
precisely deliver thrombin molecules to tumor vessels for
selective occlusion therapy.341 Thrombin molecules were
modified with thiolated ssDNA strands via succinimidyl 4-(N-
maleimidomethyl)cyclohexane-1-carboxylate (SMCC) cou-
pling and then attached to rectangular origami sheets with the
complementary ssDNA strands through hybridization. DNA
locking strands that responded to nucleolin proteins were
integrated into the anisotropic thrombin-containing DNA
origami templates, forming tubular structures to shield the
inner protein cargos. After the intravenous injection to tumor-
bearing mice, the robotic origami carriers recognized their
targets selectively expressed on tumor-associated endothelial
cells and were activated to an opening state to expose thrombin
molecules (Figure 22D). The delivered thrombins induced
thrombosis specifically in tumor-associated blood vessels,
resulting in tumor necrosis and growth inhibition without
observable toxicity and immunological stimulation.
In addition, Wang et al. developed a codelivery origami

vehicle for carrying small interfering RNA strands (siRNAs) and
chemotherapeutic molecules to facilitate combined cancer
therapy.342 The siRNA sequences that targeted Bcl-2 and P-
glycoprotein for disruption of tumor progression and multidrug
resistance were anchored in the inner cavity of the tubular
origami structure, while the doxorubicin molecules were
intercalated into duplexes of the DNA carrier. Disulfide bond-
containing strands were used as responsive locks for controlling
the mechanical opening of the tubular carriers and the siRNA
release in response to glutathione (GSH) inside the drug-
resistant breast tumor cells. At cellular and animal levels, the
multifunctional nanocarriers elicited potent RNA interference
and breast tumor inhibition without observable systematic
toxicity. The same group also presented a design of nanovaccine
for cancer therapy based on DNA origami.343 A reconfigurable
tubular DNA origami structure was used to carry functional
payloads, antigen peptides, and two types of nucleic acid
adjuvants (double-stranded RNA and CpG DNA) in the inner
cavity for triggering immune responses. Low-pH-responsive
DNA locking strands were utilized to seal the edges of the
origami carriers and respond to the mild acidic environment
inside the lysosomes of dendritic cells (DCs). After efficient
accumulation in DCs of draining lymph nodes (dLNs), the
origami nanocarriers were triggered to mechanically expose and
release antigens and adjuvants, enabling T-cell activation and
cancer cytotoxicity. At the animal level, the origami-based
nanovaccine elicited potent tumor regression in melanoma and
colon carcinoma models and generated long-term T-cell
responses.

7. DNA ORIGAMI-ENABLED NANOENGINEERED
MEMBRANES

Lipid membranes are essential components of biological cells.
They are responsible for segregating biochemical reactions,
transporting important biomolecules across compartments, as
well as regulating various biochemical and biophysical signaling
pathways. Membrane-associated processes are found through-
out cells, including on plasma membranes, subcellular
organelles, and intercellular connections.345,346 In healthy
tissues, cell membranes maintain a delicate balance of lipid
distributions and compositions to sustain homeostasis or
recover after disease intrusion.347 The importance of membrane
physiology is further highlighted by diseases associated with
their malfunction, including cancers, type 2 diabetes,
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Alzheimer’s disease, and Charcot-Marie-Tooth disease.348,349

Additionally, viruses and bacteria modify host membranes to
enable infectious diseases, during which critical membrane-
remodeling processes have been identified as potential
therapeutic targets. In general, the remodeling of membrane
bilayers is achieved by proteins that sense, stabilize, or modify
membrane curvatures.345,346,350 These sophisticated pieces of
protein machinery have thus intrigued biologists to understand
their working mechanisms and inspired engineers to build
artificial devices to mimic their functions. For both purposes,
membrane materials with programmable and precisely con-
trolled geometrical, biochemical, and mechanical properties are
highly desirable.
DNA nanotechnology presents enormous opportunities to

meet these needs by providing a synthetic framework to
fabricate and manipulate membranes with nanometer-scale
resolution. Several promising methods have been developed in
recent years that fall under the following two general categories.
The first one is to use DNA nanostructures as scaffolds or
templates to guide lipid self-assembly and form bilayers of

defined size and shape through membrane reconstitution. This
bottom-up approach thus transduces the predefined geometry of
the DNA templates into a well-controlled membrane morphol-
ogy. It is also compatible with reconstituting membrane proteins
to form proteoliposomes with defined protein stoichiometry and
organization. The second, top-down approach utilizes bilayer
interacting DNA nanostructures to stabilize, sort, puncture,
sculpt, or otherwise manipulate membranes. One advantage of
these techniques is that they allow the modification of specific
lipid bilayer properties in a targeted manner, while preserving
other existing membrane features. The two approaches
complement each other, both enabling the precise engineering
of membranes with customized and potentially anisotropic
physicochemical properties. Furthermore, thanks to the self-
assembling nature of DNA nanostructures, such DNA-
engineered membrane materials can be made in large quantities
and are amenable to most biochemical and microscopy analyses,
paving the way to understanding the molecular mechanisms of
membrane dynamics as well as to building artificial cells and
drug delivery vehicles with user-defined functions.

Figure 23. DNA-guided membrane structures. (A) Schematic of DNA-templated liposome assembly mechanism. Reproduced with permission from
ref 362. Copyright 2016 Nature Publishing Group. (B) Liposome templated with a DNA origami endoskeleton. Reproduced with permission from ref
364. Copyright 2014 American Chemical Society. (C) Frame-guided assembly of liposomes around gold nanoparticles modified with pH-responsive
transmembrane peptides. Reproduced with permission from ref 366. Copyright 2020 Wiley. (D) DNA origami cuboid frame decorated with
hydrophobic groups guides the formation of a cuboidal vesicle. Reproduced with permission from ref 367. Copyright 2016 Wiley. (E) Helical
membrane structure templated within a DNA origami cage. Reproduced with permission from ref 369. Copyright 2017 Nature Publishing Group. (F)
α-Hemolysin reconstituted into the lipid-modified cavity of a DNA origami barrel. Reproduced with permission from ref 373. Copyright 2018 Wiley.
(G) DNA origami-templated nanodiscs capable of reconstituting hVDAC-1 protein clusters (left) and studying poliovirus viral particles (right).
Reproduced with permission from ref 374. Copyright 2018 American Chemical Society. (H) DNA origami-templated liposomes placed at various
controlled distances to study the lipid transfer activity of E-Syt1. Reproduced with permission from ref 371. Copyright 2019 Nature Publishing Group.
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At the foundation of these ambitious goals are the basic
interactions between DNA and lipid membranes. Using model
lipid systems such as micelles, supported bilayers, and
liposomes, scientists found that DNAmolecules electrostatically
interact with lipid headgroups and that hydrophobic labels can
help DNA bind to membranes more stably by inserting into the
bilayer’s hydrophobic core.351−353 Many early studies that
established the methods to associate DNA with membranes
were motivated by the appeal of DNA−membrane materials as a
promising gene delivery reagent354,355 and by the programm-
ability of DNA sequences to tether, aggregate, and fuse
membrane-bound compartments, including liposomes and
cells.356−360 In the past decade, the binding, diffusion,
segregation, and self-assembly behaviors of complex DNA
structures on membrane bilayers were systematically studied,
with a renewed mission of creating programmable DNA−
membrane hybrid materials by engineering the shape, dynamics,
and chemical modification of the membrane-binding DNA
nanostructures. A few milestones that showcase the unique
advantages of the DNA-nanotechnology-enabled membrane
engineering approach include the production of geometrically
well-defined liposomes and nanodiscs on DNA templates, the
controlled deformation of membranes by DNA devices, and a
large variety of transmembrane DNA nanopores with custom-
izable selectivity.
7.1. Guided Membrane Self-Assembly

Monodisperse liposomes with programmable shapes and sizes
are invaluable tools for studying curvature-dependent protein−
membrane interactions and developing therapeutics. For
instance, proteins in the endosomal sorting complex required
for transport (ESCRT) family are involved in diverse cellular
membrane remodeling events, including cytokinetic abscission,
vesicular budding in the endosomal sorting pathway, and the
release of viruses, where membranes assume complex and
transient shapes.361 To fully understand how such membrane-
sculpting proteins recognize and act on various membrane
structures, studying their behaviors on homogeneous liposomes
with predefined local membrane curvatures is necessary. On the
other hand, liposomal delivery systems require precise control of
the vesicle size to function as safe and effective forms of
medicine. Conventional physical and chemical methods to
control the membrane landscape can only produce homoge-
neous liposomes restricted to a limited selection of shapes, small
size ranges, and specific lipid compositions. Given that a unique
advantage of DNA nanostructures is their customizable
geometries, they can be utilized to template lipid bilayer
assembly, producing liposomes with diverse yet controllable
shapes and sizes on the nanometer-scale.
A typical workflow of the DNA-templated liposome

formation outlined in the work of Yang et al. is shown in Figure
23A.362 DNA nanostructures were first designed and assembled
with desired geometries. The unpaired ssDNA extensions
(“handles”) were hybridized with complementary ssDNA
(“anti-handles”) that were chemically conjugated with an
amphiphile (e.g., lipid, amphipathic peptide, or transmembrane
protein). The attachment of hydrophobic moieties occurred
among excess free lipids and detergent to prevent aggregation.
The detergent was then removed (e.g., via dialysis) to induce
lipid bilayer formation, before gradient centrifugation was used
to enrich the desired DNA−membrane complexes. TEM images
taken during the membrane reconstitution revealed a series of
intermediates, strongly suggesting that the DNA-conjugated

amphiphiles (“seeds”)363 served as nucleation points to recruit
lipid-detergent micelles. They gradually expanded and merged
into continuous bilayer membranes that finally formed a shape
determined by the DNA template.
Following the initial demonstration by Perrault et al. that a

near-spherical DNA frame (53 nm in diameter) decorated by
outward-facing phospholipids could guide the formation of lipid
bilayers (Figure 23B),364 there have been a number of reports in
recent years to substantiate further the robustness and
generalizability of the DNA-templated liposome formation
approach. Examples include using DNA as an exoskeleton
(outer template) or endoskeleton. Wrapping membranes
around the DNA endoskeleton generates well-exposed lipid
bilayers and protects the DNA core from nuclease. Wang et al.
prepared AuNPs and DNA origami frames displaying hydro-
phobically labeled DNA molecules to guide the assembly of
dendritic amphiphiles, small-molecule detergents, and phos-
pholipids, which led to monodispersed hetero-vesicles of
spherical, spheroidal, and cuboidal shapes (Figures 23C and
23D).365−367 A study by Julin et al. showed that positively
charged lipid membranes could assemble into multilamellar
structures embedding DNA origami frames with a wide range of
aspect ratios.368 On the other hand, growing liposomes within
the DNA exoskeletons seemed to maximize the shape
controllability of the DNA templates. It has been demonstrated
that DNA origami rings carrying as few as a dozen inward-facing
hydrophobic seeds could precisely define the size of spherical
liposomes consisting of various lipids.362 Nonspherical lip-
osomes, such as membrane tubes, spirals, and tori of well-
controlled dimensions, could form reliably within rationally
designed DNA cages (Figure 23E).369 Furthermore, exposed
DNA templates allow further functionalization or manipulation
of DNA-enclosed membranes. For example, the DNA
exoskeletons were built with reconfigurable parts to change
shapes dynamically in response to specific biochemical signals370

and drive membrane remodeling, such as fusing individual
liposomes or bending membrane tubes.362 Similarly, individual
liposomes or nanodiscs were brought together with defined
proximity and spatial positioning via the oligomerization of their
DNA templates.371

The concept of the DNA frame-guided lipid assembly can be
applied to generate not only membrane-bound compartments
(liposomes) but also lipid micelles and flat lipid bilayers
(nanodiscs).372 Dong et al. anchored a dozen phospholipids
inside a 5 nmwide, 15 nm deep cavity on a DNA−origami barrel
for the reconstitution of α-hemolysin, a pore-forming protein
(Figure 23F).373 Zhao et al. and Iric et al. independently
developed similar approaches that used amphiphile-modified
DNA circles to scaffold the formation of size-controlled
nanodiscs up to 70 nm (Figure 23G).374,375 Such nanodisc or
nanodisc-like structures, together with the embedded proteins,
were resolvable by electron microscopy. The DNA-encircled
nanodiscs were also modeled computationally to understand
their physical properties, such as bilayer thickness and
stability.376

Despite being a relatively new technique, the DNA-templated
lipid assembly has already shown great promise in drug delivery
and understanding membrane protein structures and functions.
For example, Perrault et al. showed that enclosing DNA origami
structures within a lipid bilayer substantially reduced the
immunogenicity of DNA structures and altered their in vivo
distribution.364 By controlling the copy number of vesicle-
associated membrane protein-2 (VAMP2, a type of v-SNARE)
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on a DNA-ring-templated liposome, Xu et al. found that roughly
1−2 copies of SNARE complexes were sufficient to drive lipid
mixing by vesicle fusion.377 Bian et al. used a series of liposome
pairs held at defined inter-membrane distances by stiff DNA
origami rods to study the distance-dependent lipid transfer
activities of extended synaptotagmin 1 (E-Syt1). This study
confirmed that E-Syt1 could transport lipids well beyond the
length of its lipid-transfer domain (SMP domain) and as far as its
membrane tether allowed, thus supporting a model where the
SMP domain of E-Syt1 repeatedly traveled between the
membrane contact sites to ferry lipids across the apposing
membranes (Figure 23H).371 The potential of the DNA-
templated lipid assemblies in structural biology studies was
illustrated in two studies, where the DNA−lipid complexes were
incorporated with transmembrane proteins like α-hemolysin373
and VDAC-1 or a poliovirus recognizing a specific membrane
receptor374 and subjected to electron microscopy imaging.
With the help of DNA nanotechnology, one can start to

recapitulate essential aspects of the cell membranes with high
precision in a test tube. Progress to date has laid a solid
technological foundation by generating membranes with
programmable geometry and protein stoichiometry. However,
current DNA-templated membrane formation methods require
further developments to fully capture the complexity of
biological membrane systems. For example, technologies that
allow precise control over the mechanical properties of
membranes (e.g., stiffness and tension), lipid bilayer asymmetry,
membrane dynamics, and cross-membrane molecular transport

would enable more applications in fundamental research and
biotechnology. While some of these aspirations have been made
possible by other DNA-nanotechnology-enabled membrane
engineering techniques (reviewed in the following sections), this
field will advance by developing DNA−membrane materials
with increasing spatiotemporal control, possibly by integrating
multiple high-precision membrane-manipulating tools.
7.2. Manipulation of Pre-existing Membranes

Functionalized DNA nanostructures (often with hydrophobic
modifications) that are adhered to lipid bilayers can manipulate
and modify the specific properties of membranes. Upon
membrane association, such DNA nanostructures can change
the membrane’s rigidity, surface chemistry, buoyant density,
shape, and permeability. The resulting DNA−membrane
complexes may feature customized DNA surface patterns and
membrane topology, opening up the opportunity to create
anisotropic membrane surfaces, mimic naturally occurring
membrane dynamics, and even build synthetic organelles and
cells.
Just like single- or double-stranded DNA, complex DNA

nanostructures can interact with membranes via the electrostatic
interaction between the DNA phosphate backbone and the lipid
headgroups, which can be modulated by ion strengths and
further enhanced by labeling DNA with “membrane anchors”�
hydrophobic moieties or ligands to membrane-embedded
receptors.378−382 Depending on the underlying lipid bilayer's
fluidity and tendency to phase separate, the membrane-attached
DNA structures can diffuse in 2D and segregate into different

Figure 24. Membrane decoration and manipulation by DNA. (A) Lattice formation by DNA tiles on supported lipid bilayers. Reproduced with
permission from ref 387. Copyright 2017 American Chemical Society. (B) Cytoskeleton mimic formed by a gel-like network of DNA tiles within a
liposome. Reproduced with permission from ref 388. Copyright 2017 NAS. (C) DNA-brick-assisted liposome sorting generates highly homogeneous
vesicles. Reproduced with permission from ref 390. Copyright 2021Nature Publishing Group. (D)Membrane tubulations and invaginations onGUVs
caused by the attachment of curved DNA origami beams. Reproduced with permission from ref 393. Copyright 2018 Nature Publishing Group. (E)
Vesicle tubulation enabled by the self-assembling DNA nanosprings onmembranes. Reproduced with permission from ref 394. Copyright 2018Wiley.
(F)Membrane buds generated by clathrin-like DNA triskelion dimers. Reproduced with permission from ref 396. Copyright 2019 American Chemical
Society. (G) DNA tiles capable of forming cytoskeleton-like filaments (left) to deform GUVs from within after membrane attachment (right).
Reproduced with permission from ref 397. Copyright 2022 American Chemical Society.
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micro-/nanosized domains,383−385 which can promote the
formation of designer DNA patterns from individual
tiles.70,73−75,386 The most compelling examples of surface-
assistedDNA self-assembly were demonstrated by Avakyan et al.
using the blunt-end-mediated formation of cross-shape and
hexagonal DNA lattices spanning micrometers on supported
bilayers (Figure 24A).387 It was also found that liposomes could
be stabilized by DNA networks formed on their membranes.
Kurokawa et al. showed that giant unilamellar vesicles (GUVs)
with a thick layer of DNA network adhered to their inner surface
were 50-fold more resistant to deformations by micropipette

aspiration and could endure higher osmotic imbalance than
liposomes without such DNA “cytoskeleton” (Figure 24B).388

Similarly, Baumann et al. found that large unilamellar vesicles
(LUVs) with an exterior coat of DNA network were less likely to
burst on mica than naked liposomes and liposomes with
membrane-anchored DNA duplexes, suggesting that the
interconnected DNA tiles enhanced the mechanical stability of
liposomes. AFM analysis revealed higher Young’s moduli of
liposomes coated with networks of stiffer DNA tiles, indicating
that the membrane rigidity could be fine-tuned by changing the
design of the membrane-associating DNA network.389 Yang et

Figure 25.Transmembrane nanopore based on DNA origami techniques. (A) Schematics of transmembrane DNA nanopores. (1) A rod-like (top) or
syringe-shaped (bottom) DNA-origami nanopore with hydrophobic anchors capable of puncturing the membrane. (2) DNA nanopores can be
modified with functional modules, including controllable switches and receptor molecules. (B) A syringe-shaped DNA origami penetrates the
membrane with a cholesterol-decorated DNA channel. Reproduced with permission from ref 411. Copyright 2012 AAAS. (C) A series of DNA-
origami nanopores featuring a modular design and programmable shapes and sizes (up to tens of nanometers). Chemical modifications confer
selectivity to DNA nanochannels for sensing applications. Reproduced with permission from ref 412. Copyright 2022 Nature Publishing Group. (D)
Reconstitution of 30 nmwide DNA origami pores on liposomes for size-selective macromolecule transport. Reproduced with permission from ref 418.
Copyright 2021 American Chemical Society. (E) A DNA-origami sphere-capped nanopore as an electro-osmotic trap for the label-free detection of
single proteins and their conformations. Reproduced with permission from ref 417. Copyright 2021 Nature Publishing Group. (F) A DNA nanopore
with a displaceable ssDNA lock controlling small molecule diffusion. Reproduced with permission from ref 427. Copyright 2016 Nature Publishing
Group. (G) A 10 × 10 nm2 DNA nanopore gated by four ssDNA blockers that control its size-selectivity. Reproduced with permission from ref 419.
Copyright 2021 RSC Publishing. (H) A 20 × 20 nm2 DNA nanopore built with a reversible gate that is dynamically controlled by external triggers.
Reproduced with permission from ref 413. Copyright 2022 Nature Publishing Group.
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al. also demonstrated the prolonged shelf life of DNA-tile-coated
small unilamellar vesicles (SUVs). Notably, the authors took
advantage of the large buoyant density of the DNA to
differentiate liposomes of different sizes�smaller liposomes
with a higher surface-to-volume ratio gained more density from
DNA coating than their larger counterparts, allowing their
separation in a density gradient (Figure 24C). This method
could be used to sort milligrams of liposomes into highly
homogeneous populations with mean diameters from 30 to 130
nm, thereby enabling the studies of the curvature-dependent
activity of ATG3-/ATG7-catalyzed protein lipidation and
SNARE-mediated membrane fusion with high resolution.390

Another profound effect of covering lipid bilayers with DNA
nanostructures is the dynamic deformation of membranes. In
cells, peculiar membrane shapes such as buds and invaginations
are primarily due to the work of proteins. Such membrane
shapes are often transient and hard to reprogram. In contrast,
DNA structures can be designed to mimic the membrane-
sculpting proteins with programmable geometry, stiffness,
membrane anchor placement, and self-assembling patterns.
Analyzing how such design parameters affect their membrane-
reshaping activities may thus help researchers to understand
how membrane proteins have evolved to perform their specific
functions.
While building DNA nanopores, Göpfrich et al. observed that

adding large quantities of cholesterol-labeled DNA channels to
GUVs generated outward-protruding tubules.391 Birkholz et al.
also observed the formation of lipid tubules parallel to the
supported lipid bilayers treated with similar DNA channels.392 A
large body of work has focused on mimicking cell-membrane
remodeling proteins, such as clathrin, BAR domain proteins,
dynamin, ESCRT-III, and actin. For example, BAR-mimicking
DNA beams with curved cholesterol-labeled surfaces induced
the outward tubulation and invagination of GUVs in a manner
consistent with the curvature of the cholesterol-modifiedDNA−
origami surface, as demonstrated by Franquelim et al. (Figure
24D).393 Similarly, Grome et al. used Snf7 (an ESCRT-III
subunit)-mimicking DNA curls that self-assemble into nano-
springs on the membrane to draw lipid tubules from LUVs and
GUVs (Figure 24E).394 In follow-up work, the same group
showed that the stiffness of the DNA nanosprings could
modulate the tubulation activities of the DNA curls.395 A
common finding of the independent works carried out by the
two groups was that the relatively stiff DNA structures could
impose their curvatures on the membranes and stabilize the
nontrivial membrane structures they generated. This discovery
was also confirmed by the work from the Turberfield group, in
which clathrin-like DNA triskelia formed a meshwork on
vesicles and generated local membrane buds (Figure 24F).396

Furthermore, using self-assembled DNA filaments with
cholesterol tags, the Göpfrich group397 and Schwille group398

showed that GUVs could be deformed by cytoskeleton-like
DNA structures bundling at the periphery from the inside
(Figure 24G) and outside of the vesicle, respectively. Notably,
the two groups controlled the assembly and disassembly of the
DNA filaments by light or Mg2+ concentration. DNA-based
filaments capable of reversible assembly were also used to
transport SUVs and NPs, replicating yet another cytoskeletal
function essential to the future development of synthetic
cells.399

As promising as they are, the membrane-manipulating
capabilities of the DNA-based tools are still rudimentary and
sometimes cumbersome compared to their protein counter-

parts. The field awaits further development to build DNA
devices that can generate diverse membrane topologies, respond
to biochemical signals, and contain multiple coordinating
components to accomplish complex tasks on the membrane. A
few recent studies contributed to these goals. De Franceschi et
al. developed a technique to reliably deform GUVs into
stomatocyte or dumbbell-like shapes under hyperosmotic
conditions using a cholesterol-labeled DNA 4-way junction.400

Liu et al. reported prestressedDNAorigami clamps, which could
transform shapes in response to DNA triggers to tubulate GUV
and LUV membranes.401 Baumann et al. showed that the
triggered contraction of a DNA network on a liposome surface
could lead to membrane deformation or accelerated escape of
small-molecule cargos, although the mechanisms of triggered
cargo release are not entirely clear.402 Taken together, the
capability of DNA nanostructures to manipulate, stabilize, and
sort vesicles may find applications in therapeutics (e.g.,
formulating drug-delivery vehicles) and biosensing (e.g.,
screening for extracellular vesicles with specific biomarkers).
7.3. DNA Nanopores

In addition to the vesicular transport pathways, transmembrane
nanopores, including ion channels and transporters,403−405

control the molecular exchange between cells and the environ-
ment or different cellular compartments. Artificial nanopores
that mimic the functions of natural protein channels have shown
great promise in synthesizing programmable nanoscale filters,
sensing label-free biomolecules, andDNA sequencing.406−408 As
an information-rich nanomaterial, DNA can be programmed to
form nanochannels of precisely controlled shapes and
dimensions and be embedded into lipid bilayers through
hydrophobic membrane anchors.408−410 DNA-based nanopores
also have abundant chemically addressable surfaces, which can
be modified with functional and dynamic modules, such as
receptor molecules and controllable switches (Figure
25A),408−410 thus achieving customizable size and chemical
selectivity. This section reviews recent progress in DNA
nanopore design and application, focusing on those with
conceptual novelty or advanced functionality, before offering
our perspectives.
Following the pioneering work by Langecker et al., in which a

syringe-shaped DNA−origami nanopore allowed the passage of
ions and nucleic acids across the membranes (Figure 25B),411 a
great variety of transmembrane DNA nanopores have been built
over the years. At a minimum, a DNA nanopore consists of a
channel-like architecturemade of DNA and several hydrophobic
membrane anchors, such as cholesterol,411−413 porphyrin,414,415

and alkyl chains.416 Optionally, the DNA nanopores can be
equipped with other structural components to accommodate
additional membrane anchors, gatingmolecules, and open/close
mechanisms. The insertion of DNA nanopores into membranes
is mainly facilitated by the membrane anchors, although voltage
pulses and mild detergents are often used to aid the membrane
penetration. The key function of nanopores�the molecular
translocation through them�is typically characterized by
single-channel current recordings412,417 and fluorescence
microscopy, such as total internal reflection fluorescence
(TIRF) and fluorescence recovery after photobleaching
(FRAP).418−421 The effect of design and experimental
conditions on the performance of nanopores has been
extensively studied computationally422−424 and experimen-
tally.193,423−426
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Although early proof-of-concept studies mostly used DNA
nanopores with channel widths below 3 nm,391,411,414−416,422,427

in recent years, the field has made significant progress toward
building wider nanopores with inner diameters up to 30 nm (refs
412, 413, 419, 421, and 424). The main challenges to building a
large nanopore are to modify the DNA channel with a sufficient
number of membrane anchors (without inducing severe
aggregation) to provide the energy for penetration and to
build channels stiff enough to withstand the lateral pressure of
the membrane. The DNA origami technique offers solutions to
both challenges. For example, a T-shaped DNA channel can
display numerous cholesterol anchors under a cap that provides
steric hindrance to mitigate channel aggregation, and a
multilayer DNA origami design can provide the necessary
rigidity. An illustrative example is a series of DNA origami
nanopores built by the Howorka group with polygonal cross-
sections and lumen areas ranging from 43 to 400 nm2 (Figure
25C).412 A similar design by the Kjems group also generated
nanopores with an inner diameter of ∼9 nm.421 Different from
the conventional methods that puncture preformed lipid
bilayers with DNA nanopores, Fragasso et al. developed a
reconstitution-based method, through which the authors
embedded a 30 nm wide (the largest so far) DNA octagonal
channel with dense cholesterol labels and a PEG-oligolysine coat
into GUV membranes (Figure 25D).418 Another promising
method to open transmembrane nanopores with programmable
sizes is to organize pore-forming peptides or proteins with a
DNA scaffold.428−430 Henning-Knechtel et al. organized a
definedmaximum number (7, 12, 20, or 26) of α-hemolysin with
a circular DNA scaffold and thus controlled the size and
conductivity of the DNA−hemolysin hybrid pores.429 Of note,
the applicability of this technique seemed to depend on the
properties of the protein/peptide. For example, Spruijt et al.
built a ring-shaped DNA structure that brought together up to
12 copies of Wza-derived peptide, but this construct only
opened a stable octameric peptide pore.428 In contrast, when
Fennouri et al. assembled 4, 8, or 12 copies of peptide
ceratotoxin A (CtxA) to a DNA scaffold, they obtained CtxA
nanopores with corresponding diameters ranging from∼0.5 to 4
nm.430 Taking advantage of pneumolysin, a potent cholesterol-
dependent toxin, Shen et al. built DNA−origami−protein
nanopores over 20 nm in diameter, which could be modified
with nucleoporins to achieve programmable size-selectivity.431

In these protein−DNA nanopores, although the DNA back-
bones did not have direct contact with the membrane, they
played important roles to stabilize the protein pores, modulate
their size, or provide attachment points to further functionaliza-
tion.429−431

The programmable width of DNA nanopores directly dictates
their permeability to molecules of different sizes. For example,
Fragasso et al. monitored the diffusion of fluorescently labeled
dextran molecules of various molecular weights through a 30 nm
wide DNA nanopore and found that the dextran’s diffusion rate
was inversely correlated with their molecular weight.418 Also,
they found that within the time frame of their measurement, the
nanopore was only permeable to dextrans up to the size of its
lumen. Likewise, Thomsen et al. found that a 9 nm wide DNA
nanopore allowed the translocation of 40 kDa dextran but
severely impeded 500 kDa dextran. However, the same
nanopore with its lumen plugged by up to ten PEG molecules
was impermeable even to 20 kDa dextran.421 Therefore, the
DNA nanopore’s sensitivity to the transporting molecules’
geometrical properties could be used for tag-free detection of

biomolecules and their conformations. As an excellent example,
Schmid et al. built a DNA−origami sphere-capped nanopore as
an electro-osmotic trap (NEOtrap) (Figure 25E).417 The
negatively charged DNA sphere coupled to the membrane-
coated nanopore induced an electro-osmotic hydrodynamic
flow, which drove proteins toward the nanopore irrespective of
their net charge and trapped them in the nanocavity for up to
hours. The different electrical current blockades caused by
proteins of different sizes (54−340 kDa) and by the same
protein in different structural states allowed the researchers to
identify the proteins and their conformations, opening up new
avenues to sensing macromolecules and studying protein
dynamics at the single-molecule level.
The size selectivity of the DNA nanopores can also be

dynamically controlled by external triggers if they are built with
an ON−OFF switch or plug. Burns et al. showed that diffusion
of sulpho-rhodamine B through a ∼2 nm wide DNA channel
could be blocked by an ssDNA lock, which was displaced by a
key DNA strand to reopen the channel (Figure 25F).427 A
similar strategy was used by Iwabuchi et al. to close a 10 nmwide
DNA nanopore in a stepwise manner (Figure 25G).419 More
recently, Dey et al. built a nanopore with a 20 × 20 nm2 lid on
top of its transmembrane channel (Figure 25H).413 Remarkably,
the lid could be closed and opened for multiple rounds by
sequentially adding a key and a reverse key DNA strand, which
controlled the timing of molecular entry into or release from
GUVs. The reversible opening and closure of nanochannels can
also be achieved by light-induced DNA conformational changes,
as shown by Offenbartl-Stiegert et al.432 In another recent study,
Lanphere et al. triggered the assembly of two halves of a DNA
channel attached to a membrane into a complete, functional
nanopore through toehold-mediated strand displacement
reactions,433 providing an alternative approach for timed
perforation of lipid bilayer membranes. Lastly, Mills et al. used
a spring-loaded DNA device, termed a “nano-winch”, to
mechanically unfold the plug domain of an integral membrane
protein, BtuB, showing the capability of DNA devices to
controllably open naturally existing protein nanopores.434

The negatively charged DNA nanopores are chemically
selective to the translocating molecules, a property that
experiments and computer simulations have supported.427,435

In addition, chemical modification can confer selectivity to DNA
nanochannels through specific ligand−receptor interactions.
For example, Xing et al. attached a biotin tag or a SARS-CoV-2
spike protein to the entrance of 10 nm DNA nanopores, giving
the nanopores the capability to detect the binding of cognate
IgG antibodies (∼10 nm in size) by electrical current recordings
(Figure 25C).412 In theory, a large variety of gating molecules
can be grafted onto the transmembrane DNA nanopores to
achieve selective permeability. This perspective is especially
attractive because channel-like DNA origami structures have
been modified with selective nucleoporins to reconstitute
nuclear pore mimics436−438 and with protein-binding aptamers
to serve as carriers to detect protein analytes passing through a
glass nanopipette.439 Excitingly, recent studies by Shi et al.
showed that DNA devices with chiral contours (like a fan-blade)
can harness electrochemical energy to power sustained direc-
tional rotations.440,441 Incorporating such structures into lipid
membranes would give rise to highly versatile biosensors,
multifunctional drug delivery vehicles, and artificial cell systems.
These goals are well within reach, considering the pressing need
for programmable molecular filters in basic research and
biotechnology, the availability of computational and chemical
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methods for DNA nanopore design and fabrication, and the
advanced analytical tools generated by the fast-evolving
electronics industry.

8. DNA-ORIGAMI-ENABLED NANOPHOTONICS
The DNA origami technique provides a revolutionizing
approach for nanofabrication based on molecular self-assembly
to organize molecules and NPs in precise and well-defined 3D
conformations.442,443 Specifically, this technique offers unique
platforms to build complex, hierarchical, and hybrid nano-
photonic devices for the fundamental understanding of light−
matter interaction processes as well as for the realization of
tailored optical properties and functions.444 Among a variety of
optical elements, metallic NPs and single quantum emitters are
particularly attractive because they can be accurately organized
on DNA origami with precise position and stoichiometric
control on the nanometer-scale.
Nobel metallic NPs, such as AuNPs and AgNPs, can support

localized surface plasmon resonances (LSPRs) or particle
plasmon resonances, which result from the coherent oscillations
of the conduction electrons in the NPs, when interacting with

light. LSPRs can be readily tuned by changing the material, size,
shape, and environment of theNPs.445When organized together
by DNA origami, the LSPR coupling among the metallic NPs
can lead to interesting optical phenomena, including plasmon
hybridization,446 Fano resonances,447 magnetic resonances,448

optical lensing and waveguiding,449 energy transfer,450 circular
dichroism,451 super-resolution,452 and many others.453

Single quantum emitters, such as fluorescent molecules,
quantum dots, nitrogen-vacancy (NV) centers, and doped NPs
are at the heart of quantum optics and photonic quantum
information technologies. Rational organization of single
emitters on DNA origami can result in Förster resonance
energy transfer (FRET), optical signal quenching, and nanoscale
distance sensing, among others. Additionally, DNA origami can
be used to template complex nanophotonic architectures
composed of metallic NPs and single emitters. Deterministically
positioning single emitters into the nanoscale hotspots of
plasmonic nanoantennas can strongly modify the intensity,
efficiency, spectrum, phase, polarization state, and directionality
of the emission of the quantum emitters. Moreover, such hybrid
systems can enhance light−matter interaction, for instance,

Figure 26. Site-specific, anisotropic functionalization of metallic NPs with DNA. (A) Metallic NP clusters with directional bonds and defined
compositions. Reproduced with permission from ref 461. Copyright 2015 American Chemical Society. (B) A molecular printing strategy to transfer
molecular recognition information from DNA structures to AuNPs. Reproduced with permission from ref 462. Copyright 2016 Nature Publishing
Group. (C) DNA-origami-based nanoimprinting lithography to transfer oligonucleotide patterns onto AuNPs through toehold-mediated DNA
displacement reactions. Reproduced with permission from ref 463. Copyright 2016 Wiley. (D) “Chromatic bonds” for programmable assembly.
Reproduced with permission from ref 464. Copyright 2016 Nature Publishing Group. (E) DNA-origami-based nanoimprinting lithography to transfer
DNA information onto AuNRs. Reproduced with permission from ref 465. Copyright 2017 Wiley. (F) AuNR modified with specific surface
recognition sites using a DNA origami clamp. Reproduced with permission from ref 466. Copyright 2016 American Chemical Society.
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fluorescence and Raman signals, achieve directionality engineer-
ing for spectroscopy analysis, and serve as near-field and far-field
light sources in color routing.
Compared to top-down nanofabrication techniques for

nanophotonics, such as electron-beam lithography and focused
ion beam etching, the DNA origami technique possesses evident
advantages. First, the spatial resolution between two neighbor-
ing nanoscale elements attached to DNA origami is sub-10-nm,
and their spacing can be controlled in a stepwise manner within
nanometer accuracy. Second, the DNA-assembled nanostruc-
tures are of high throughput and high quality. Notably, the
metallic NPs from colloidal synthesis are single crystalline. This
property is in contrast to the metals fabricated by top-down
methods, which are polycrystalline and inhomogeneous with
rough grains. These issues typically give rise to undesirable lossy
LSPRs, thus hampering the performance of nanophotonic
devices. Third, diverse nanoscale elements, such as metallic NPs
of different materials,454 single emitters of different types,455

semiconductor nanocrystals,456 proteins,457 aptamers,458 and
carbon nanotubes,272,459 among others,444 can be hierarchically
assembled on DNA origami with high scalability. For top-down
methods to achieve similar goals, they need multiple alignment
and processing steps with low throughput and limited chemical
functionalization possibilities. Fourth, DNA-assembled nano-
structures can be truly 3D, and most importantly, they can
reconfigure and be dynamically controlled by various external
stimuli.460 This allows for many advanced nanophotonic
applications, especially optical sensing with high molecular
specificity on the single-molecule level.
8.1. Metallic Nanoparticles

8.1.1. Site-Specific, Anisotropic Functionalization.One
of the significant challenges in molecular assembly is precise
control over the surface functionalization of NPs with site
selectivity and anisotropy, which are crucial for constructing new
nanomaterials with high complexity and advanced functions.
DNA nanotechnology is well suited to achieve these aims due to
the sequence programmability, specific molecular recognition,
and facile modification of DNA.
By taking the analogy from the atom−molecule relation in

molecular chemistry, in 2015, Li et al. built metallic NP clusters
with directional bonds and defined compositions that resembled
the methane molecule (see Figure 26A).461 Spherical AuNPs
were densely decorated with two types of ssDNA. They were
then encapsulated into self-assembled DNA tetrahedral frames
through hybridization between one type of the ssDNA and the
DNA extended on the frames. Due to the electrostatic effect and
steric hindrance, the encapsulated AuNPs in the frame could
only be accessible and linked to four other AuNPs coated with a
third type of ssDNA from the four face centers of the
tetrahedron. The DNA frame thus served as a guiding agent to
create tetravalent bonds for the anisotropic assembly of
molecule-like metallic NP clusters.
Although the anisotropic regioselectivity of AuNPs could be

enforced by the DNA frames, the AuNPs themselves did not
possess geometrically controlled DNA patterns and sequences
on their surfaces. One year later, Edwardson et al. reported an
innovative approach to transfer molecular recognition informa-
tion fromDNA structures to AuNPs, as shown in Figure 26B.462

Parent 3D DNA templates were created with controlled sizes,
shapes, and sequence asymmetries. AuNPs were then bound to
the reactive DNA arms on the templates, followed by the
removal of the templates. The AuNPs subsequently obtained the

molecular information from the templates after the transfer
process. Remarkably, these AuNPs could be addressed site-
specifically with different components, including AuNPs and
fluorophores, among others. This direct printing approach to
transferring DNA patterns from 3D DNA templates onto
AuNPs was analogous to the concept of top-down lithography,
in which electron-beam patterns are lithographically transferred
from resists to specific materials on substrates. Similar to this
work, Zhang et al. utilized 2D DNA origami to transfer
oligonucleotide patterns onto the AuNP surfaces through
toehold-mediated DNA displacement reactions (Figure
26C).463 This DNA origami-based nanoimprinting excelled in
controlling the valence and valence angles of AuNPs with high
precision.
Different from the site specificity of metallic NPs encoded by

coating different DNA sequences, Liu et al. introduced
“chromatic” bonds for programmable assembly, as shown in
Figure 26D.464 Spherical AuNPs were bound inside square-
shaped DNA origami frames. The outer edges of the frame were
modified with different DNA strands to yield patchy NPs with
selective and fully prescribed anisotropic interactions. Planar
architectures with periodic and arbitrarily shaped geometries
were formed, such as square-shaped clusters, cross-shaped
clusters, linear chains, zigzag chains, and even nontrivial man-
shaped structures, demonstrating the power of DNA origami-
based patchy NPs that carried both material function through
the NPs and precise binding characteristics through DNA
encoding.
A more challenging task is to endow anisotropic metallic NPs,

such as AuNRs, with spatial directionality and sequence
asymmetry. AuNRs offer great opportunities for optical designs
and applications due to their structural anisotropy, polarization
dependence, and strong optical response. It was well-known that
the end and side surfaces of a AuNR could be differently
modified to allow end-to-end or side-by-side AuNR assemblies.
Nevertheless, such domain-separated surface functionalization
lacked high spatial resolution and controllability. Following their
previous work, the Fan group transferred the DNA sequence
configurations to the surfaces of AuNRs through specifically
designed toehold-mediated displacement reactions (see Figure
26E).465 The AuNRs were first uniformly coated with ssDNA.
Three binding sites along a linear line were defined on a DNA
origami template. Each site contained a pair of sequence-specific
hold and component strands. After the AuNRs were mixed with
the origami, they were anchored along the linear line. Upon
addition of the trigger strands, the AuNRs were dissociated,
carrying the component strands in the precision pattern
transferred from the origami. Due to the fixed number, position,
and specific sequences of the component strands, the resulting
AuNRs possessed defined valence, site specificity, and sequence
anisotropy. The great flexibility of this approach was
demonstrated by binding AuNPs at the designated locations
along the AuNRs. Using a DNA origami clamp, Shen et al.
developed an alternative way to achieve AuNRs with specific
surface recognition sites that possessed the nanometer-scale
addressability afforded by the origami (see Figure 26F).466 The
AuNRs were encapsulated by the origami clamps through
hybridization between the DNA on the AuNRs and the
complementary strands inside the clamps. The outer surface
of the origami was site-specifically modified with capture
strands, so that a series of well-defined heterostructures with
controlled valence could be constructed. The appealing
advantage of this approach lay in precise control over the site-
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specific functionalization of anisotropic NPs, representing a
unique pathway to build higher-order metallic superstructures
with well-defined components and conformations.
8.1.2. Plasmonic Superstructures. DNA self-assembly

offers a unique tool to spatially organize nanoscale objects with
high accuracy. Compared to lithographic approaches, DNA-
assembled plasmonic devices exhibit high crystalline quality and
high position control. In particular, one of the new trends is to
build plasmonic superstructures with planar, thin-layered
geometries that can easily be integrated on solid substrates.
This technique enables many opportunities for on-chip
applications, such as building colloidal metasurfaces and
combining them with top-down structures.
In 2021, Liu et al. demonstrated the DNA assembly of planar

AuNR superstructures with complex patterns and chiroptical
properties (see Figure 27A).467 Truncated-triangular DNA
origami with an edge of ∼80 nm was used as a building block.
The three edges of the triangle were specifically modified, so that
six triangles could be stitched together by sequence-encoded
DNA connectors, 1&2 or 2&3, to form different hexamers in one
step. Capture strands were extended from the origami building
blocks to assemble AuNRs functionalized with complementary
DNA. Six different types of thin-layered AuNR superstructures
in bi-star or pinwheel geometries were formed. The chiroptical
properties, such as circular dichroism (CD), optical rotatory
dispersion, and optical asymmetry factor (g-factor), of these
chiral superstructures were characterized both in solution and at
the dried state on glass. Upon interaction with circularly
polarized light (CPL), the plasmon hybridization between the
AuNRs in a dimer assembled on an origami triangle led to
bonding and antibonding plasmon modes, resulting in peak-dip

or dip-peak bisignate CD features. Each bi-star or pinwheel
superstructure could be viewed as a composite of six primary
AuNR enantiomers with the same handedness and secondary
enantiomers residing on neighboring DNA triangles with the
same or opposite handedness. This feature directly influenced
the net CD signals of the superstructures. For instance, the
number of enantiomers of opposite handedness in the pinwheel
was larger than that in the bi-stars, and thus the latter exhibited
more intense CD signals. Later, this origami template was also
utilized by the same group to host both spherical AuNPs and
AuNRs in order to form chiral satellite-core NP superstructures
(see Figure 27B).468 In this complex system, several chiral
mechanisms, including planar chirality, 3D chirality, and
induced chirality transfer, were involved. Split or non-split of
the characteristic CD line shape of the AuNR spiral was
observed, and the induced CD responses were from the achiral
AuNP.
Although the hexamer templates based on connecting

triangular tiles enabled the assembly of metallic NPs into
structurally complex architectures, they lacked structural rigidity
and design versatility to extend the assembly along defined
directions. To this end, Wang et al. utilized a hashtag DNA
origami tile, which could be polymerized into 1D rigid chains to
assemble metallic NPs, as shown in Figure 27C.469 This hashtag
tile consisted of orthogonal stacks of two decks via scaffold DNA
linkage. Each deck was 65 nm long, 10 nm wide, and 5 nm tall.
The internal square-shaped opening formed by the four decks
within a tile had a side length of 21 nm. To introduce
unidirectional extension, the authors utilized connector strands
to link the ends of designated decks to form hashtag chains.
Specifically, the phononic band calculations revealed that the

Figure 27. Plasmonic superstructures. (A) Self-assembly of planar, thin-layered chiral NP superstructures guided by DNA origami. Reproduced with
permission from ref 467. Copyright 2021 AmericanChemical Society. (B) Chiral satellite−coreNP superstructures. Reproducedwith permission from
ref 468. Copyright 2022 American Chemical Society. (C) Hashtag DNA origami tiles are polymerized into 1D rigid chains to assemble AuNPs.
Reproduced with permission from ref 469. Copyright 2020 American Chemical Society. (D). V-shaped DNA adaptors help to assemble AuNRs into
chiral superstructures. Reproduced with permission from ref 470. Copyright 2017Wiley. (E). Chiral patterning of AuNPs on a AuNRwith site-specific
functionalization. Reproduced with permission from ref 471. Copyright 2017 Wiley.
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polymerized chains exhibited excellent mechanical stiffness. The
hashtag chains with lengths up to several micrometers were
successfully achieved and provided good platforms to organize
AuNRs and spherical AuNPs with high fidelity. By assembling
two AuNRs twisted by 90°, on the top and bottom decks of the
hashtag monomer, respectively, chiral AuNR polymer chains
with designated handedness were formed. It is worth
mentioning that resonantly induced optical chirality cascaded
along the chain was observed due to the coupling between the
chiral dimers, which resulted in red-shifted and dimmed CD
spectra when compared to those of AuNR dimers.
In addition to the in-plane extension, directional self-assembly

of AuNRs along the third-dimension has also been carried out to
create plasmonic superstructures with increasing complexity.
For instance, Lan et al. developed a V-shaped DNA adaptor,
which served as a binding platform for a AuNR and allowed for
the self-assembly of multiple AuNRs into superstructures (see
Figure 27D).470 The adaptor was a 3D DNA origami structure
composed of two rectangular arms, forming an angle of ∼45°.
Four binding domains were modified along the edges of these
two arms. By different combinations of linking two specific
binding domains between the neighboring units, four different
chiral DNA frameworks could be constructed. Assembly of
AuNRs on these DNA frameworks led to stair-like LH and RH
plasmonic superstructures and coil-like LH and RH plasmonic

superstructures. Specifically, the authors observed that for the
coil-like superstructures, the optical chirality was opposite to
that predicted by the ensemble handedness of the assemblies.
This resulted from the intriguing coupling effects among the
AuNRs in different layers. This work suggested that the nature of
the optical chirality could not be simply predicted according to
the overall handedness of the DNA frameworks, but rather the
interaction between the plasmonic units should be carefully
considered.
Taking one step further from their previous work on site-

specific functionalization of AuNRs, Shen et al. demonstrated
highly precise chiral patterning of spherical AuNPs on AuNR
motif surfaces to build plasmonic superstructures (see Figure
27E).471 A AuNRwas wrapped in aDNAorigami template using
linker strands. The predesigned capture strands on the outer
surface of the DNA origami tube formed a helical pattern for the
conjugation of AuNPs. The handedness of the AuNP helix and
the AuNP size were altered to yield a series of AuNR@AuNP
helices. Compared to AuNP helices assembled without the
central AuNRs, higher CD intensities were acquired. The
authors attributed this observation to the interaction between
the plasmons from the AuNR and the surrounding AuNPs.
8.1.3. Dynamic Plasmonic Nanostructures. Spatiotem-

poral control over the conformations of plasmonic nanostruc-
tures by environmental cues is a unique asset that DNA

Figure 28.Dynamic regulation of plasmonic assemblies. (A) External inputs to manipulate a plasmonic nanosystem based on DNA origami-templated
AuNRs. Reproduced with permission from ref 472. Copyright 2017 American Chemical Society. (B) Light-control non-photoresponsive plasmonic
assemblies using a photoresponsive medium. Reproduced with permission from ref 473. Copyright 2021 Wiley. (C) DNA-assembled dynamic
nanostructures encapsulated and actuated inside cell-sized microfluidic compartments. Reproduced with permission from ref 474. Copyright 2020
American Chemical Society. (D) An autonomous DNA-assembled rotary nanoclock. Reproduced with permission from ref 232. Copyright 2019
Nature Publishing Group. (E) A 3D reconfigurable tripod-shaped plasmonic nanostructure with controllable, reversible conformational
transformation. Reproduced with permission from ref 207. Copyright 2017 American Chemical Society. (F) A proton-responsive plasmonic system
to a positive-feedback chemical reaction network. Reproduced with permission from ref 475. Copyright 2019 American Chemical Society. (G)
Reconfigurable plasmonic diastereomers organized by DNA origami. Reproduced with permission from ref 476. Copyright 2019 American Chemical
Society. (H) V-shaped DNA origami to assemble a long chiral chain. Reproduced with permission from ref 477. Copyright 2018 American Chemical
Society. (I) Dimerization and oligomerization of DNA-assembled building blocks. Reproduced with permission from ref 478. Copyright 2021 Nature
Publishing Group. (J) A swingarm concept to fabricate a transformable plasmonic helix. Reproduced with permission from ref 479. Copyright 2022
Wiley.
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nanotechnology offers. When combined with metallic NPs, the
changes in environmental information can be largely amplified
and revealed by the tuned optical responses of the plasmonic
assemblies. In 2017, Jiang et al. carried out a very comprehensive
study, in which a variety of external inputs were employed to
control a plasmonic nanosystem based on DNA origami-
templated AuNRs (see Figure 28A).472 Two AuNRs were
assembled on the opposite surfaces of a rhombus-shaped
template made from two connected origami triangles. The two
AuNRs formed an L-shaped plasmonic chiral structure. The key
to the dynamic regulation was the nucleic acid linkages between
the origami triangles, modified to respond to glutathione
reduction, restriction enzyme activity, pH changes, or photon
irradiation accordingly. While the former two stimuli caused
irreversible changes, the pH and light irradiation triggered
reversible changes in the CD signals. In particular, the
glutathione-regulated plasmonic system is fascinating, because
glutathione, as a ubiquitous biological tripeptide, is found to be
in a high concentration in cancer cells. Therefore, glutathione-
responsive plasmonic systems could have great potential in
anticancer molecular sensing applications.
Due to the ease of design and fabrication, 2D single-layered

origami structures have been widely used to template metallic
NPs to construct plasmonic nanostructures. Nevertheless, to
build dynamic plasmonic systems, rigid origami structures are
much preferred. Among different designs, the 3D cross-finger
template with multi-origami layers has been proven to be one of
the most robust and successful platforms for creating dynamic
plasmonic systems. Building on their previous achievements, the
Kuzyk group reported the remote manipulation of native (non-
photoresponsive) chiral plasmonic structures using light (see
Figure 28B).473 The novel aspect was the usage of a
photoresponsive medium comprising a merocyanine-based
photoacid, which surrounded the plasmonic structures. The
two bundles of the origami cross were modified with a DNA
triplex lock. Upon exposure to visible light, the pH of the
medium decreased, and the DNA triple link formed, leading to
the reconfiguration of the plasmonic structure. The reversed
process was triggered simply by switching off the light. The
authors observed that the degree of the overall CD signal
changes depended on the intensity of the incident light.
Interestingly, the plasmonic cross nanostructures templated by
DNA origami were also encapsulated and actuated inside cell-
sized microfluidic compartments (see Figure 28C).474 These
chiral assemblies were pH-sensitive and could be reversibly
reconfigured inside the compartments upon adding the proton
acceptor pyridine and the proton donator Krytox, respectively.
Full angle tuning of the plasmonic cross nanostructures was

later realized by Xin et al. using a DNA-assembled rotary
nanoclock (see Figure 28D), in which a rotor AuNR carried out
directional and reversible rotations with respect to a stator
AuNR, transitioning among 16 different configurations from 0°
to 360°.232 The central component of the device was a ring-
shaped track, along which the rotor could be bound and released
via toehold-mediated strand displacement reactions in a
stepwise manner. Notably, the authors also demonstrated the
autonomous rotation of the plasmonic nanoclock powered by
DNAzyme−RNA interactions, which could be monitored by
CD spectroscopy in real time. To encode more optical
information, increasing the number of AuNPs while keeping
the conformation controllability is a rigorous pathway. Zhan et
al. designed a 3D tripod-shaped origami template, which was
used to position three AuNRs, as shown in Figure 28E.207 The

interarm angle was controlled by the connecting struts, which
were composed of two parallel double helices. Through toehold-
mediated strand displacement reactions, the length of each strut
could be altered, and thus each interarm angle could be tuned
among 30°, 60°, and 90°. The transduction of the conforma-
tional changes was manifested by controlled shifts of the
plasmonic resonances studied using dark-field microscopy on
the single-structure level.
Although great success has been achieved, switchable control

over plasmonic systems by DNA, light, pH, and many others
primarily operated under equilibrium conditions. Nevertheless,
in nature, many cellular systems execute work out of equilibrium.
For instance, the active self-assembly of microtubules and actin
filaments in cells is operated by continuous energy consumption
to remain far from thermodynamic equilibrium. Taking this
inspiration, Man et al. coupled a proton-responsive plasmonic
system to a positive-feedback chemical reaction network to
realize nonequilibrium assembly autonomously (see Figure
28F).475 A tetrahedron-shaped DNA origami template was used
to bind AuNRs through Hoogsteen interactions. Adding
chemical fuel lowered the pH below the critical assembly
value pKa. Plasmonic chiral structures started to form, as
reflected by a CD signal increase. The hydrolysis of urea
catalyzed by the enzyme produced NH3, leading to the pH
increase above the pKa and, thus, the disassembly of the
plasmonic structures.
To further increase structural complexity, Wang et al.

reported reconfigurable plasmonic diastereomers with up to
three chiral centers organized by DNA origami (see Figure
28G).476 Three chiral centers consisting of four AuNRs were
assembled vertically. Driven by programmed DNA reactions,
each chiral center could be individually switched between LH
and RH states via the rotation of the AuNR along two diagonal
directions, respectively. The overall CD signals resulted from the
substantial cross-talk near-field coupling among these chiral
centers. The number of AuNPs in a plasmonic superstructure
can be largely increased by polymerizing the DNA origami host
structures and/or interconnecting AuNPs with the origami
templates. In the work of Lan et al., AuNRs were assembled on
V-shaped DNA origami monomers, which were polymerized
into a long chain (see Figure 28H).477 Here, the advance was
that the interarm angle of the monomer could be controlled, so
that the AuNR chiral superstructures were transformed between
a tightly folded state with a small interarm angle and an extended
state with a larger interarm angle. This ability allowed for
reversible CD signal tuning by DNA strand displacement
reactions. By dynamically changing the DNA origami monomer
into its mirror-image structure, inversion of the CD signals was
observed accordingly.
It is also possible to implement controlled multi-motion in

long-chain plasmonic superstructures. Xin et al. reported the
dimerization and oligomerization of DNA-assembled building
blocks (see Figure 28I).478 The plasmonic chiral building block
itself could exhibit walking and rotation motions. When stacked
together by intercalation to form a dimer, a sliding motion could
be introduced between the monomers. When oligomerized into
superstructures, twisting motion among the units was
subsequently introduced. This work outlined the high versatility
and controllability of DNA to construct and manipulate high-
order plasmonic assemblies. Furthermore, it is worth high-
lighting the recent work of Peil et al., in which the swingarm
concept that had been used for substrate channeling in multi-
enzyme complexes on DNA scaffolds was applied in program-
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mable translocations of multiple spherical AuNPs with large
leaps on DNA origami. Six AuNPs were tied to their respective
swingarms on a DNA origami shaft to form a plasmonic helix, as
shown in Figure 28J.479 These swingarms with the extra poly-
thymine segment were longer than the footholds extended from
the DNA origami. Without using the swingarms, the AuNPs
would have to carry out consecutive steps by rolling to bind to
different footholds for helix transformations. This process
involved foot−track interactions at each step by adding DNA
fuels. In addition, the stepwise movements between adjacent
binding sites with considerable spacing could easily lead to
AuNP detachment during the translocations. In contrast, with
the swingarm mechanism, the AuNPs were permanently tied to
the swingarms during different translocation processes, which
greatly helped to prevent AuNP detachment and facilitated
foot−track interactions. Crucially, the long length and flexibility
of the swingarms allowed for the direct transportation of the
AuNPs to target locations over large distances, which led to
reliable and distinct CD changes at different states.
Plasmonic nanostructures have been widely used as optical

sensors due to their high sensitivity, rapid responses, and simple
optical readout. In particular, DNA-based dynamic plasmonic
structures afford additional benefits for optical sensing because
DNA structures can be designed to reconfigure upon
recognition of defined nucleic acid sequences, aptamers, ions,
enzymes, and pH changes. Among different geometries, the
plasmonic cross that we have discussed has proven to be one of
the most efficient and successful systems, which can be

chemically modified for the optical sensing of a multitude of
molecules. Often, the sensing segment is included as part of the
lock mechanism. For instance, in 2018, Funck et al.
demonstrated sensitive and selective detection of a target
RNA sequence from the hepatitis C virus genome (see Figure
29A).480 The RNA could bind to a complementary sequence of
the lock, which connected the two arms of the plasmonic cross.
The specific RNA sequence at concentrations as low as 100 pM
was detected using CD spectroscopy.
Besides nucleic acids, more universal biorecognition

elements, such as aptamers, which have high affinity and
specificity to target molecules, are well suited to be integrated
with DNA origami for optical sensing. For instance, Huang et al.
and Zhou et al. independently showcased optical sensing of
adenosine (see Figure 29B), ATP, and cocaine molecules (see
Figure 29C) bymodifying the DNA locks of the plasmonic cross
with the corresponding aptamers.481,482 Reconfiguration of the
plasmonic cross led to changes in the CD responses upon adding
the specific target molecules. Profoundly, Liu et al. employed
another type of the plasmonic cross, which could carry out
DNA-regulated cascade amplification of weak chemical and
biological signals (see Figure 29D).483 Specifically designed
DNA key structures were amplified by DNA circuits to
dissociate DNA locks through toehold-mediated strand
displacement reactions. This process drove the plasmonic
devices into the open state. A variety of input signals, including
nucleic acids, adenosines, chiral tyrosinamides, and specific
receptors expressed by tumor cells, could be adopted,

Figure 29. Chiral plasmonic assemblies for optical sensing. (A) Detection of a target RNA sequence from the hepatitis C virus genome using a cross-
shaped plasmonic nanostructure. Reproduced with permission from ref 480. Copyright 2018 Wiley. (B) Optical sensing of adenosine using a
plasmonic cross with an aptamer. Reproduced with permission from ref 481. Copyright 2018 American Chemical Society. (C) Optical sensing of ATP
and cocaine molecules. Reproduced with permission from ref 482. Copyright 2018 American Chemical Society. (D) A DNA circuit-aided plasmonic
system for cascade amplification of weak chemical and biological signals. Reproduced with permission from ref 483. Copyright 2022 Wiley.
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elucidating the power of the chiral plasmonic assemblies for
sensitive biological signaling.
8.1.4. Other Plasmonic Nanodevices. There are also

other excellent examples of DNA-based plasmonic assemblies,
which are advantageous platforms for investigating many
interesting optical phenomena. For instance, employing the
high position control over NPs by DNA origami, Roller et al.
demonstrated a plasmonic trimer composed of Au−Ag−AuNPs
linearly organized along a DNA origami bundle to study
coherent ultrafast energy transfer among the NPs (see Figure
30A).484Without the center AgNP, the two outer AuNPs spaced
by 40 nm were not coupled. With the AgNP, the dominant
resonance shifted from 549 to 586 nm, along with a substantial
intensity increase. In this case, the coupling of the two AuNPs
was mediated by the connecting AgNP with almost no energy
dissipation. The authors attributed their observation to the
formation of strong hotspots between these three NPs for the
lossless coupling and, thus, coherent ultrafast energy transfer.
It has been shown both theoretically and experimentally that

when chiral molecules are placed in close proximity, achiral
metallic NPs can induce additional CD features at their
plasmonic resonances, which are far from the UV CD of chiral
molecules themselves. This chirality transfer is associated with
the nonzero optical rotatory dispersion (ORD) of biomolecules
that spectrally overlaps with the absorption of the NPs. Kneer et
al. designed a neat system to investigate this CD transfer effect
(Figure 30B).485 Two AuNRs (aspect ratio of 3.3) that formed
an achiral plasmonic dimer were placed upright onDNAorigami
sheets, which served as the chiral molecule medium. The strong
electromagnetic fields generated in the gap of the dimer, where
the DNA origami was positioned, allowed detectable CD
transfer in the near-infrared, which had a 300-fold enhancement
compared to the UV CD of DNA.

By integrating excitonic molecules, Zhu et al. constructed a
chiral plexcitonic hybrid system templated by DNA origami to
investigate strong light−matter interactions (see Figure
30C).486 DNA origami rectangles were used to position two
crossed AuNRs coated by Ag. The excitonic medium was J
aggregates. The plexcitonic hybrid structures were prepared
based on electrostatic interactions. The Ag layer was used to
tune the resonance of the NRs successively to the excitonic
resonance of the molecules. A large Rabi splitting of ∼205/199
meV for LH/RH plexcitonic systems was achieved exper-
imentally. In a recent work from the Lan group, as shown in
Figure 30D,487 1D chain superstructures of Au@Ag core−shell
NPs that interacted with DNA-bound chromophores (K21 J
aggregates) were assembled using DNA origami. In the presence
of K21, the CD spectra of the superstructures were largely
modified by increasing the Ag shell thickness from a peak-dip
profile to a prominent peak. Due to the complexity of the hybrid
superstructure, three types of interactions were involved,
including plasmon coupling, exciton coupling, and plasmon−
exciton coupling. Meanwhile, the complexity of the system also
gave rise to great challenges in building theoretical frameworks
for describing the hybrid chiral mechanisms.
Another noteworthy example is the self-assembly of NPs into

high-order networks of clusters and polymeric chains for the
excitation of magnetic resonances. Wang et al. used a DNA
origami hexagon tile to precisely assemble AuNPs (10 nm in
diameter) into amonocyclic ring, and the subsequent high-order
assembly led to a 1D chain of cyclic rings (see Figure 30E).488

Critically, the Ag growth enlarged the NPs and also enhanced
the coupling among the NPs. In the case of the monocyclic ring,
electric dipolar resonance and magnetic dipolar resonance were
both observed. The former was associated with the linear
oscillations of charges in the NPs, while circulating field
displacements along the rings revealed the existence of the

Figure 30. DNA-based plasmonic devices. (A) A plasmonic trimer composed of Au−Ag−Au NPs linearly organized along a DNA origami bundle.
Reproduced with permission from ref 484. Copyright 2017 Nature Publishing Group. (B) A plasmonic dimer system to study the CD transfer effect.
Reproduced with permission from ref 485. Copyright 2018 American Chemical Society. (C) A chiral plexcitonic hybrid system to investigate strong
light-matter interactions. Reproduced with permission from ref 486. Copyright 2021 American Chemical Society. (D) 1D chain superstructure
composed of Au@Ag core−shell NPs interacts with DNA-bound chromophores (K21 J-aggregates). Reproduced with permission from ref 487.
Copyright 2022 Wiley. (E) 1D chain of cyclic rings templated by a DNA origami hexagon tile. Reproduced with permission from ref 488. Copyright
2019 Wiley.
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magnetic dipolar resonance for the latter. When a long chain of
cyclic rings was excited, magnetic dipoles confined in the rings
along the chain could propagate in an antiparallel fashion.
Taken together, the self-assembly route for constructing

plasmonic superstructures affords many superior characteristics
to conventional top-down approaches, including unprecedented
structural complexity, NP positioning on the nanoscale
precision, dynamic 3D reconfiguration, optical sensing with
molecular specificity, parallel fabrication, and many others.
8.2. Quantum Emitters

Single emitters can be positioned on DNA origami in a
prescribed pattern with control over their relative distances and
conformations on the nanoscale accuracy. This feature is handy
for designing intricate experiments for understanding the
fundamental photophysics of nanoscale emitters and light−
matter interaction processes, such as enhanced fluorescence,
single-molecule surface-enhanced Raman spectroscopy (SERS),
artificial light harvesting and energy transfer, plasmon-assisted

FRET, and strong coupling at room temperature. It also enables
new applications in optical characterizations, biomolecular
imaging, and molecular diagnostics.
8.2.1. Nanoscale Distance Control by DNA Origami.

The energy transfer between a donor and acceptor fluorophore
pair is highly sensitive to their proximity, enabling the
determination of inter- and intramolecular distances with sub-
nanometer precision. In 2019, Schröder et al. investigated the
distance-dependent interchromophoric interactions between
two dye molecules placed on a 2D DNA origami template by
changing their distance in a single-nucleotide step (see Figure
31A).489 Using single-molecule fluorescence spectroscopy, the
authors observed that at smaller distances weak coupling
between dyes including singlet−singlet annihilation, singlet−
triplet annihilation, and singlet-radical-state annihilation played
important roles. The contact quenching could be avoided when
the dyes were spaced by 7 bps. The energy transfer between dyes
thus could be advantageous or disadvantageous on the
fluorescence, depending on the properties of fluorophores. A

Figure 31. Quantum emitters with nanoscale distance control by DNA origami. (A) DNA origami as a rigid scaffold to arrange dye molecules in a
dense pixel array for interchromophoric interactions. Reproduced with permission from ref 489. Copyright 2019 American Chemical Society. (B)
DNA origami-based photonic wire for dye and dye interactions. Reproduced with permission from ref 490. Copyright 2017 American Chemical
Society. (C) A bioinspired excitonic system templated by DNA origami to enable long-range exciton migration. Reproduced with permission from ref
491. Copyright 2022Cell Press. (D)DNAorigami with fluorophores at defined distances relative to the graphene layer for energy transfer. Reproduced
with permission from ref 492. Copyright 2019 American Chemical Society. (E) A DNA origami platform to mimic a DNA double-strand break for the
end-joining reaction optically. Reproduced with permission from ref 493. Copyright 2020 American Chemical Society.
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large number of fluorophores can also be arranged on DNA
origami in finely controlled stoichiometry and configurations. As
demonstrated by Nicoli et al., a photonic wire that consisted of a
blue donor and a red acceptor with three green fluorophores in
between was assembled on DNA origami (see Figure 31B).490

The three-color cascade achieved energy transfer over a distance
of 16 nm. This long-range energy transfer along fluorophore
chains emulated the natural process of light harvesting, in which
the photon energy absorbed by pigments in the light-harvesting
complexes is transferred to the reaction center. To mimic the
well-controlled multi-chromophore complexes organized on
protein scaffolds for light harvesting and energy transfer, Zhou et
al. reported a bioinspired excitonic system templated by DNA
origami to enable the long-range exciton migration (see Figure
31C).491 A four-helix-bundle DNA origami of 600 nm in length
was used to assemble K21 dye aggregates. These excitonic wires
were coupled with energy donors and acceptors to achieve
directional excitation transfer over submicron distances.
Beyond the interactions between fluorophores, DNA origami

can work as nanopositioners for placing single fluorophores at
controlled nanoscale distances to investigate energy transfer
from fluorophores to other matter, such as graphene. Graphene
is an excellent energy sink to replace Au surfaces in fluorescence
quenching experiments with less fluorescence background. To
validate this, Kaminska et al. used pyrene-modified DNA strands
to link DNA origami on graphene via π−π stacking (see Figure
31D).492 Single, freely rotating fluorophores were positioned on
the DNA origami at defined distances relative to the graphene
layer to study the distance dependence of energy transfer to
graphene. The d−4 law was accurately confirmed owing to the
exquisite distance tuning offered by DNA nanotechnology.
Due to the modality of DNA origami, complex multi-

molecular interactions such as DNA−DNA interactions, DNA−
enzyme interactions, and ligation can also be studied using DNA
origami. For instance, Bartnik et al. applied a DNA origami
platform to specifically mimic a DNA double-strand break and
studied the end-joining reaction optically (Figure 31E).493 Two
DNA double strands were positioned on the two sides of the
DNA origami in a linear geometry. The two double strands were
labeled with Atto647N as the acceptor and Cy3b as the donor.
To catalyze the end-joining of the DNA duplexes, DNA ligase
from bacteriophage T4 was used. The ligation processes with
different lengths of complementary overhangs and sequences
based on the same DNA origami framework design could be
monitored using FRET on the single-molecule level.
8.2.2. Orientation Control by DNA Origami. The

interaction efficiency between single emitters does not only
depend on their relative distance but also critically on their
relative orientation. For instance, the dipole−dipole interaction

in FRET between two fluorophores is maximized when the two
dipoles are aligned. If fluorophores are placed close to metallic
NPs, especially anisotropic particles, such as AuNRs and gold
triangles, both the molecular excitation rate and the radiative
decay rate are closely correlated with the relative orientation
between the dipole moment of the fluorophore and the AuNR.
This results in different optical effects, ranging from strong
enhancement to complete suppression of the photon emission.
There are two general strategies to assemble fluorophores on

DNA origami. One is via noncovalent binding to dsDNA, which
enables orientation control of the molecules because different
molecules may bind DNA preferentially in between bases, to the
minor or major groove, or along the dsDNA. Based on this,
Gopinath et al. intercalated TOTO-3 dyes in small moon DNA
origami structures (see Figure 32A).494 The absorption
transition dipole moment of the molecule formed an angle of
70° ± 10° with the dsDNA helix. More than 3000 small moon
DNA origami structures were then bound to lithographically
pattered sites on a silica substrate, yielding 12 well-controlled
orientations to demonstrate a polarimeter. The other strategy is
via covalent attachment to ssDNA at the 5′ or 3′ end. This
enables high position and stoichiometric control of the
molecules onDNA origami but gives rise to random orientations
of the molecules. To address the orientation of fluorophores
with respect to the DNA origami, Hübner et al. conducted a
comprehensive study to determine the orientation of single
fluorophores, including ATTO647N, ATTO643, and Cy5
covalently attached to 2D DNA origami (see Figure 32B).495

The orientation of the absorption transition dipole of the
molecule was first identified by a polarization-resolved excitation
measurement, and subsequently, the orientation of the DNA
origami was obtained from a DNA-PAINT (points accumu-
lation for imaging in nanoscale topography) nanoscopy
measurement.
In a recent work of Adamczyk et al., the DNA assembly of

single molecules with deterministic position and orientation was
demonstrated, as shown in Figure 32C.496 A fluorophore (Cy3
or Cy5) was doubly linked to a ssDNA staple by leaving a
controlled number of unpaired bases in the scaffold, so that a
high degree of stretching was applied to the fluorophore to
restrain its mobility. By increasing the number of unpaired bases,
there was more space for the fluorophore to accommodate and
find different sites for interaction with the DNA. It was shown
that 0 and 8 unpaired bases led to the molecules positioning
perpendicular and parallel to theDNAdouble helix, respectively.
This new approach is valuable for investigating orientation-
dependent molecular interactions, such as energy transfer,
intermolecular electron transport, exciton physics, and antenna-
enhanced molecular emission with high directivity.

Figure 32.Orientation control of single emitters by DNA origami. (A) DNA origami binds to lithographically patterned sites on silica to position and
orient a molecular dipole within the resonant mode of an optical cavity. Reproduced with permission from ref 494. Copyright 2021 AAAS. (B) 2D
origami as a template to control the orientation of single fluorophores. Reproduced with permission from ref 495. Copyright 2021 American Chemical
Society. (C) Orientation control of single Cy3 and Cy5 molecules on DNA origami with different incorporation strategies. Reproduced with
permission from ref 496. Copyright 2022 American Chemical Society.
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8.3. Plasmon-Enhanced Fluorescence of Single Emitters

Plasmonic nanostructures allow for enhancing spontaneous
emission, altering the emission polarization, and shaping the
radiation pattern of quantum emitters. A critical challenge for
the experimental realizations is positioning a single emitter into
the hotspot of a plasmonic antenna with nanoscale accuracy.
With the help of DNA nanotechnology, in 2019, Hübner et al.
demonstrated that a single emitter (Cy5) could be positioned in
the gap of a AuNP (60 nm) dimer assembled on the two sides of
a double-layered rectangular DNA origami sheet (see Figure
33A).497 The Cy5molecule was located near the center of the 13
nm gap between the two spherical AuNPs. The emission
patterns of the Cy5molecules showed two lobes characteristic of
an in-plane dipole. The Cy5 molecule could rotate within the
gap, but the AuNP antenna enhanced the emission of the
emitter, when parallel to the dimer main axis and suppressed the
emission when perpendicular. As a result, the emission
directionality followed the dipolar pattern according to the
antenna’s main resonance mode. This concept could be very

useful in photon routing experiments, where the emission
directionality of single emitters is crucial. Kaminska et al.
expanded the palette of species that could be integrated with
DNA-assembled plasmonic antennas. A peridinin−chlorophyll
a-protein (PCP) complex in the dinoflagellate Amphidinium
carterae was localized within the hotspot of a Au or Ag dimer
antenna (Figure 33B).498 At the top part of the pillar-shaped
DNA origami, a biotin molecule was incorporated to bind a
PCP−streptavidin conjugate. The authors showed that the
emission of the single light-harvesting complexes coupled to the
dimer antenna could be enhanced 500-fold.
To exploit the reconfigurability of DNA nanotechnology, Xin

et al. demonstrated a dynamic light−matter interaction system,
in which a single fluorophore molecule could walk autono-
mously and unidirectionally into the hotspot of a plasmonic
dimer antenna (Figure 33C).499 Two AuNPs (60 nm) were
immobilized on the two sides of a DNA origami template, which
consisted of an RNA-decorated track and a bottom platform. A
fluorophore molecule Cy5 was attached to a DNAzyme strand,

Figure 33. Plasmon-enhanced fluorescence of single emitters. (A) A AuNP dimer assembled on the two sides of double-layered rectangular DNA
origami for a single emitter fluorescence enhancement. Reproduced with permission from ref 497. Copyright 2019 American Chemical Society. (B) A
Au or Ag dimer antenna assembled on the pillar-shaped DNA origami for natural light-harvesting complexes. Reproduced with permission from ref
498. Copyright 2018 American Chemical Society. (C) A single fluorophore molecule walks autonomously and unidirectionally into the hotspot of a
plasmonic dimer antenna. Reproduced with permission from ref 499. Copyright 2019 American Chemical Society. (D) A DNA origami bundle as a
reference frame to acquire the relative fluorophore position for a AuNP and obtain super-resolution imaging of single molecules. Reproduced with
permission from ref 500. Copyright 2017 Nature Publishing Group. (E) A single molecule (Atto647) embedded within a plasmonic nanocavity based
on the NPoM geometry. Reproduced with permission from ref 501. Copyright 2019 Nature Publishing Group. (F) A plasmonic chain waveguide
composed of eight AuNPs. Reproduced with permission from ref 502. Copyright 2018 American Chemical Society.
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serving as an autonomous fluorophore walker. In the presence of
divalent metal ions, the DNAzyme could catalyze the cleavage of
the individual RNA substrates, giving rise to unidirectional
movements without any external intervention. The fluorescence
decay of the fluorophore was accelerated, when the walker
gradually approached and eventually entered the hotspot. This
design strategy allowed for optically monitoring the autonomous
motion of a single DNAmachine with high temporal and spatial
resolution. Going further, Raab et al. combined the capabilities
of plasmonics to control nanoscale optical fields and far-field

fluorescence nanoscopy to locate single emitters and image
subdiffraction fields. To investigate the molecular localization
shift caused by plasmonic coupling, the authors utilized a DNA
origami bundle as a reference frame to acquire the relative
fluorophore position with respect to a AuNP. Meanwhile, DNA
origami served as a platform for DNA-PAINT to obtain super-
resolution imaging of single molecules (Figure 33D).500 The 12-
helix bundle provided three sites for the dynamic binding of
single fluorophores at three regions separated by 80 nm. Upon
binding of the AuNP, the three localization spots did not appear

Figure 34. Single-molecule surface-enhanced Raman spectroscopy. (A) Au nanostar dimers with tunable gap and controlled stoichiometry for single-
molecule SERS. Reproduced with permission from ref 503. Copyright 2017 American Chemical Society. (B) Au bowtie nanostructures assembled on
DNA origami for single-molecule SERS. Reproduced with permission from ref 504. Copyright 2018 Wiley. (C) Au or Ag NP dimers for single-
molecule SERS. Reproduced with permission from ref 505. Copyright 2021 American Chemical Society. (D) DNA origami-based nanoprinting
strategy to create stereocontrolled plasmonic nanostructures for single-molecule SERS. Reproduced with permission from ref 506. Copyright 2021
Wiley. (E) A nanocavity with <5 nm gap achieved by a NPoM construct. Reproduced with permission from ref 507. Copyright 2018 American
Chemical Society. (F) Four AuNPs organized by rhombus-shaped superorigami for single-molecule SERS. Reproduced with permission from ref 447.
Copyright 2019 AAAS. (G) Single streptavidin molecule immobilized in the hotspot of Ag nanolenses. Reproduced with permission from ref 508.
Copyright 2018 Wiley. (H) DNA origami-directed pattern recognition strategy to assemble AuNCs for single-molecule SERS. Reproduced with
permission from ref 509. Copyright 2022 American Chemical Society.
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in one line. Instead, the central localization appeared displaced
from the line defined by the two extreme localizations, providing
clear evidence for the single-molecule mirage.
There are other interesting platforms, such as plasmonic

cavities and waveguides, for investigating the interaction
processes between plasmonic structures and single emitters.
Plasmonic nanocavities offer the advantage of an ultrasmall
mode volume to achieve high coupling strengths. The
nanoparticle-on-a-mirror (NPoM) geometry is a particularly
successful platform for achieving strong cavity quantum
electrodynamic effects. Ojambati et al. studied the interaction
of ultrafast pulses with a single molecule (Atto647) embedded
within a plasmonic nanocavity based on the NPoM geometry at
room temperature (see Figure 33E).501 A DNA origami sheet
sandwiched between a AuNP (80 nm) and a Aumirror was used
to deterministically position the Atto647 dye in the gap. The
electromagnetic fields in the cavity were enhanced 170-fold, and
the emission of the single molecule was also significantly
enhanced. The power-dependent pulsed excitation revealed
Rabi oscillations due to the coupling of the oscillating electric
field between the ground and excited states. The observed
single-molecule fluorescent emission was split into two modes
resulting from anti-crossing with the plasmonic modes.
Plasmonic waveguides consisting of metallic NPs can localize
and guide light well below the diffraction limit, but practical
applications are often hampered by high propagation losses. Gür
et al. improved the performance of plasmonic waveguides by
using chemically synthesized monocrystalline AuNPs (∼40 nm)
and shortening the interparticle spacing to about 2 nm using
DNA origami as a template (see Figure 33F).502 Such a small
interparticle spacing is very challenging to be achieved by
conventional lithography methods but is crucial for efficient
long-distance waveguiding. The authors assembled plasmonic
chain waveguides composed of eight AuNPs with a diameter
roughly equal to the distance between binding sites (42.2 nm)
on a six-helix DNA origami bundle. To detect energy transport
along the waveguide via the surface plasmon modes at a single
device level, they placed a fluorescent nanodiamond at one end
of the waveguide. The waveguide was excited by cathodolumi-
nescence imaging spectroscopy, and the energy propagated
toward the nanodiamond, which emitted photons into the far
field. The DNA-assembled plasmonic waveguides pushed the
confinement below the diffraction limit (λ/10), while retaining a
propagation length of up to micrometers.
8.4. Single-Molecule Surface-Enhanced Raman
Spectroscopy

SERS is a powerful technique based on the Raman vibrational
fingerprints of molecules, which contain rich chemical and
structural information for molecular analysis. The Raman signals
can be enhanced by the excitation of plasmonic resonances in Au
or Ag nanostructures, which form plasmonic hotspots. Due to
the strong Raman enhancement, it is possible to detect single
molecules using SERS, given that the number and the placement
of single molecules within the plasmonic hotspots can be
accurately controlled. Random adsorption of analyte molecules
in the hotspots is often applied because of the significant
challenges of such nanofabrication requirements. Nevertheless,
this leads to the irreproducibility of the experimental results.
DNA nanotechnology is well suited for single-molecule SERS,
because it can not only precisely arrange metallic NPs in
sophisticated geometries, but also allows for positioning single
molecules in the plasmonic hotspots with nanometer precision.

The SERS enhancement factor is strongly dependent on the
geometry of the plasmonic nanostructures, the number of
hotspots, as well as the gap sizes. Plasmonic dimers, consisting of
two AuNPs or AgNPs, such as nanospheres, nanocubes,
triangles, and nanostars, are popular platforms for SERS. Strong
electromagnetic fields are created within the gap between the
two NPs in a dimer. Among different anisotropic shapes, Au
nanostars are particularly attractive due to their higher
electromagnetic field enhancement generated at the sharp tips,
when compared to spherical AuNPs or AuNRs under similar
experimental conditions. In 2017, Tanwar et al. demonstrated
the assembly of Au nanostar dimers with tunable gaps and
controlled stoichiometry on DNA origami (see Figure 34A).503

Dimerization of the rectangular DNA origami was achieved by
branching staples. A single Texas red dye as the SERS reporter
molecule was positioned along the connecting edge of the
dimerized origami using a modified branching staple. Two Au
nanostars functionalized with DNA were then assembled on the
DNA origami through DNA hybridization with the dye
molecule sitting in their gap. The Au nanostar dimers with
various nanogaps from 7 to 13 nm were examined for single-
molecule SERS. AFM correlated Raman measurements revealed
that with an interparticle gap of 7 nm, the SERS enhancement
factor was about 2 × 1010. Even with a gap size of 13 nm, the
SERS enhancement factor was as high as 8 × 109, indicating that
the nanostar dimers could be used for specific detection of large
single biomolecules, such as proteins, with sufficient SERS
sensitivity.
The bowtie nanoantenna, which consists of two metallic

triangles spaced by a nanometer-sized gap, is another excellent
plasmonic platform that exhibits highly localized electro-
magnetic field enhancement in the interparticle gap. Zhan et
al. demonstrated the assembly of Au bowtie nanostructures on
DNA origami and applied them for single-molecule SERS
measurements (see Figure 34B).504 Two groups of capture
strands were used to assemble the nanotriangles on two
rectangular DNA origami sheets, respectively. The two origami
sheets were then linked together. The Au nanotriangles (80 nm)
were functionalized with thiolated ssDNA, complementary to
the capture strands on the origami. A probing strand extended
between the binding sites of the two nanotriangles was utilized
to attach a single Raman molecule, such as Cy5, in the gap. The
average gap was 5 ± 1 nm according to the TEM analysis of the
assembled structures. The SERS enhancement factor was 2.6 ×
109 for the Cy5 Raman peak at 1366 cm−1. To further push the
enhancement factor for single-molecule SERS measurements,
Tapio et al. designed a DNA origami nanofork, as shown in
Figure 34C.505 It comprised a rectangular base with two arms,
on which two metallic NPs could be attached. The two arms
were connected by a bridge using two DNA double helices,
serving as an anchor point for target analyte molecules. A single
molecule could be precisely placed into the plasmonic hotspot,
where the SERS signal enhancement was the strongest for single-
molecule SERS measurements. The authors constructed AuNP
or AgNP dimers with different gap sizes down to 1.17 nm,
achieving SERS signal enhancements up to 1011.
Apart from metallic dimers, SERS hotspots can also be

produced in other plasmonic geometries, such as anisotropic
AuNP clusters with relative spatial directionality, NPoM, Fano
clusters, self-similar chains, and many others. For instance, Niu
et al. applied DNA nanoprinting, which transferred DNA
patterns with predefined numbers, sequences, and positions to
the surfaces of metallic NPs for the creation of discrete and
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precisely stereocontrolled nanostructures (see Figure 34D).506

By anchoring single dye molecules in the gaps (2 ± 1 nm)
between the closely spaced NPs, the strong electromagnetic
fields in the hotspots enabled the single-molecule SERS signal
enhancement. The NPoM construct is another model system to
investigate the coherent coupling of light and single molecules at
room temperature. Chikkaraddy et al. created a nanocavity with
<5 nm gap between a AuNP (80 nm) and a Au mirror, which
could host a single molecule (Cy5) at the center of the gap by a
DNA origami sheet (Figure 34E).507 The bottom surface of the
origami had thiol modifications on specific staple strands to bind
to the Au mirror, while the top surface of the origami had DNA
overhangs to attach the AuNP. The charge oscillations in the
AuNP coupled with image charges on the Au mirror surface,
resulting in enhanced electromagnetic fields in the gap by nearly
2 orders of magnitude, allowing for single-molecule SERS
measurements.
Metallic NP clusters consisting of spatially coupled metallic

NPs can manipulate light at the subwavelength-scale and display
interesting optical properties. In particular, Fano resonances can
be produced, resulting from the interaction between plasmonic
bright and dark modes. Due to the strong electromagnetic fields
localized in hotspots at the Fano minimum, single-molecule
SERS also becomes possible. Fang et al. precisely organized four
AuNPs (80 nm) on rhombus-shaped superorigami and
immobilized dye molecules site-specifically in the central gap
of the AuNPs through DNA hybridization (see Figure 34F).447

When linearly polarized light was along the shorter axis of the
tetramer cluster, a Fano minimum was observed. The bright
mode was associated with the in-phase charge oscillations in the
AuNPs, while the dark mode showed that the charge
distributions in the AuNPs were oriented in different directions.
By exploiting the nanoaddressability of DNA origami, a
controlled number of carboxy-X-rhodamine (ROX) molecules
of up to six could be anchored in the hotspots of the tetrameric
cluster. The SERS intensity quantitatively enlarged with
increasing the number of the ROX molecules from one to six,
characteristic of a quantized phenomenon. Notably, a single
ROX molecule was detectable, and the SERS enhancement
factor was on the order of 108. Furthermore, with self-similar
chains of differently sized spherical NPs, the so-called nano-
lenses can produce strong local electromagnetic fields confined
in between the two smallest NPs based on a cascaded
enhancement mechanism. Heck et al. reported the bottom-up
synthesis of Ag nanolenses consisting of three AgNPs (10 nm, 20
nm, 60 nm) using DNA origami (see Figure 34G).508 A single
protein streptavidin was immobilized using a biotin-modified
DNA strand and selectively placed in the gap between the 10 and
20 nm AgNPs, where the highest enhancement was achieved
and probed by SERS spectroscopy.
Although a variety of plasmonic geometries templated by

DNA origami have been reported for single-molecule SERS, the
assembly of anisotropic NPs into highly hierarchical plasmonic
gap nanostructures is quite challenging. Niu et al. reported an
interesting strategy to create shape-controllable nanogaps
between Au nanocubes (AuNCs) using DNA origami (see
Figure 34H).509 Due to the anisotropic nature of the AuNCs,
their vertices, edges, and faces allowed for the creation of richer
configurations of nanogaps than isotropic spherical AuNPs,
together with significantly enhanced electromagnetic fields in
these nanogaps. By tuning the position and number of capture
strands on the DNA origami, pattern recognition was enabled to
assemble AuNCs in different geometrical configurations with

nanoscale precision and shape-controllable gaps. Followed by
anchoring single Raman probe molecules in such gaps, strong
SERS signals were detected, offering a novel platform for high-
sensitivity photonic devices and single-molecule biophysical
studies.

9. CONCLUSIONS AND OUTLOOK
In recent years, DNA nanotechnology has made a great leap in
developing new self-assembly methodologies as well as
generating DNA-based nanomaterials with diverse functions.
Crucially, effective solutions have been found to remove or
circumvent bottlenecks in the field. For instance, the assembly of
DNA nanostructures usually requires a large number of ssDNA
species of considerable quantity, and thus the high cost of DNA
synthesis has been an issue for quite some time. To this end,
several methods were developed to reduce the cost of DNA
synthesis, including the chip-synthesized DNA followed by
parallel enzymatic amplification510 and the bacteriophage-based
production of single-stranded precursor DNA followed by
cleavage using DNAzymes.511−513 Consequently, the cost of
DNA-based nanomaterials is largely reduced, especially for large
and complex DNA structures. This would substantially help to
expand the applications of DNA nanotechnology in many
research fields. However, when compared to that of conven-
tional nanomaterials, such as lipid NPs, polymers, inorganic
metallic/nonmetallic materials, etc., the cost of DNAproduction
and structural fabrication is still higher in general. Novel
approaches are needed to achieve large-scale, reliable, and good
manufacturing practice-compliant production of DNA origami-
based nanomaterials.
There remain many outstanding challenges and open

questions in the next decade that await innovative solutions
and further investigations. From the perspective of self-assembly
methodologies, the development of new computational tools
would be invaluable to the optimization of the assembly process,
as well as the accurate prediction of the assembly pathways and
outcomes. Current DNA origami design schemes still largely
rely on researchers’ intuition and experiences, which may differ
considerably from person to person. In particular, for
complicated 3D origami structures, minor design differences
often lead to large variations in the assembly yield. The design
optimization can thus be both time- and cost-consuming.
Advanced computational tools will help to standardize the
design process and reduce the trial and error involved to
generate desired assembly products.
Furthermore, the perspective of interfacing protein engineer-

ing with DNA nanotechnology is extremely exciting, owing to
the proteins’ multifaceted cellular functionalities and excellent
biocompatibility. Recent work by Praetorius and Dietz showed
DNA−protein hybrid structures that may one day be produced
in cells, opening exciting opportunities to encode, assemble, and
operate nanodevices made of DNA−protein complexes in
vivo.327 Nevertheless, such DNA−protein hybrid structures
mainly take advantage of the nucleic acid-binding proteins, while
functional proteins are excluded from the final structures.
Hence, the development of a general strategy to design
genetically encoded protein assemblies that can form inside
cells would be of great interest. Cell-compatible functional
protein assemblies would open up a new research area, where
genetically encoded proteins can autonomously assemble into
target geometries and carry out designated tasks in vivo. One of
the possible solutions would be the assembly of protein−RNA
origami from co-transcription. Considering the high structural
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diversity of proteins, however, this ambitious goal may involve
substantial challenges. The main issue is that protein folding is
far more complicated than DNA self-assembly, and the correct
assembly of protein structures often relies on additional
molecular machineries for protein transport, modification, and
quality control. Nevertheless, we remain optimistic in this
direction considering the rapid development of tools for protein
structure design and prediction.514,515

While many DNA nanomachines were demonstrated, fewer
RNA nanomachines were reported. The reasons for this might
lie in the chemical instability of RNA structures in vitro and the
limited available tools for designing complicated RNA
nanostructures. However, RNA assemblies may possess
advantages over their DNA counterparts because of the higher
structural and functional diversity of RNA. Moreover, RNA
could fold co-transcriptionally in vitro and in vivo. It would thus
be appealing to develop RNA nanomachines that can form and
function in vivo for applications such as gene regulation and
signal transduction.
When considering the performance and efficacy of DNA-

based drug delivery systems, the behaviors of DNA origami
structures in complex biochemical environments are still not
fully understood. In recent years, several groups reported that
PEGylated oligolysine could enhance the stability of DNA
origami in physiological conditions.516−518 For instance,
polymer-covered DNA nanostructures exhibited remarkable
nuclease resistance and prolonged circulating half-life in vivo.519

In addition, photo-cross-linking could improve the stability of
DNA nanostructures that contain acrydite modification520 or
thymines in close proximity.521 Despite a series of careful
studies,522−527 the pharmacokinetics, biodistribution, and
clearance mechanisms of DNA origami structures in vivo as
well as their cellular uptake and trafficking, all of which are
crucial for biomedical applications, need to be better
characterized. In particular, the interactions between DNA
origami withmacromolecules in biological environments remain
a relatively underexplored area.
As an exciting new frontier in DNA nanotechnology, DNA-

engineered membrane materials have the potential to transform
basic research in membrane biology, synthetic biology, and
nanomedicine. To push this frontier, researchers could devote
endeavors to the following areas. First, the success of current
membrane manipulation methods hinges on selecting suitable
membrane anchors for DNA nanodevices. Although DNA
oligonucleotides with certain hydrophobic modifications (e.g.,
cholesterols411) are readily available from commercial sources,
many other useful DNA modifications (e.g., alkyl chains416)
require in-house DNA synthesis or conjugation reactions. As
recent studies pointed out,401,412 subtle differences in chemical
structure could profoundly impact the membrane anchor’s
ability to recruit and insert into membranes. Therefore, the
precision and versatility of the DNA-based membrane-engineer-
ing devices could be vastly enhanced with a library of chemically
modified DNA oligonucleotides with a spectrum of size and
hydrophobicity. Second, while the existing DNA-based methods
focus on controlling the geometry and chemical modification of
membranes (including themembrane-integrated structures, e.g.,
nanopores), very few DNA nanodevices have been developed to
directly control or respond to the mechanical and electrical
properties of themembranes.528 Because membrane tension and
potential play vital roles in cell signaling and metabolism, the
ability to modulate and measure these properties in biological
and synthetic systems is highly desirable to fully understand the

molecular determinants of cellular processes. Third, the
complexity of cell membranes, such as the leaflet asymmetry,
underlying cytoskeleton, as well as various peripheral and
integral membrane proteins, presents both challenges and
opportunities to the next generation of DNA nanodevices that
act on living cells.529 So far, DNA nanostructures have been built
to deliver molecular payloads to cells,341,530 detect cellular
contraction forces,531 activate cell surface receptors,4,329,532

puncture cell membranes,392 and cluster cells.533 In the future, it
is conceivable that DNA nanodevices could extract patches of
cell membranes, dynamically remodel the cell surface landscape,
as well as communicate intracellular signals among cells. Fourth,
it would be possible to scale up the complexity of the membrane
engineering tools by building DNA devices that work
collaboratively to accomplish multistep tasks on the membranes,
such as sorting, tagging, packaging, and sending membrane-
associated molecular cargos, or by organizing multiple DNA-
engineered membrane compartments into interconnected
chemical reactors,534 similar to a network of neurons passing
biochemical information to one another. Li et al. showed that
transmembrane nanopores (∼7 nm wide) could be coupled to
micrometer-long DNA channels, which facilitated the trans-
location of molecules as small as 0.8 nm in radius with minimal
leakage, providing a promising method for direct, long-range
intercell communication.535 Fifth, the DNA-enabled mem-
brane-engineering techniques may find applications in bio-
medicine, such as formulating therapeutic exosomes or lipid
NPs, as well as in DNA computing, like compartmentalizing data
storage and computing units for more stable and controllable
operations.
From the perspective of nanophotonics, DNA origami has

solidified its role in this field in the past years, but challenges and
exciting opportunities still lie ahead. First, 3D nanofabrication
with arbitrary geometries is one of the extraordinary capabilities
of DNA origami. However, to achieve considerable scattering or
absorption cross-sections for generating pronounced plasmonic
effects, large metallic NPs are needed. To date, spherical AuNPs
up to 150 nm in diameter536 and anisotropic NPs, such as
AuNRs up to 50 nm in length,485 have been successfully applied
in DNA origami-templated nanophotonic structures. Function-
alizing larger metallic NPs and stabilizing them in salty
environments that DNA origami structures prefer are tricky.
New chemical functionalization strategies for stable conjugation
of large NPs with DNA origami are thus desirable. Second, to
build complex nanophotonic architectures, sufficiently large
origami templates are required, for instance, to host big NPs or
even to form lattices with long-range order. The dimensions of
origami structures folded from single scaffolds are restricted by
the lengths of the scaffolds. Even though longer scaffolds can be
used, this does not essentially solve the problem of scaling up
DNA origami. Large DNA origami can be created by the so-
called superorigami approach,2,537 which utilizes a long
scaffolding strand to link multiple origami components together.
Nevertheless, the superorigami still has the issues of restricted
geometry, symmetry, and size. Alternatively, large origami
superstructures can be created by polymerizing origami
monomers through blunt-end,74,76,538,539 sticky-end,369,540,541

or shape-complementary interactions.59 Third, in many optical
applications, the optical components in the supercell of a lattice
should not be regularly reiterated. For instance, optical
metasurfaces, a rapidly developing research subject in nano-
photonics, comprise arrays of antennas that can modulate the
amplitude, phase, and polarization of the incident light. In a
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supercell of a metasurface based on the Pancharatnam−Berry
(PB) phase, the optical antennas (e.g., AuNRs) are arranged
with different orientations to generate a complete phase
coverage from 0 to 2π for light modulation. Therefore, the
individual origami components in the supercell should have high
specificity to position the AuNRs with designated orientations.
In addition, periodic patterning of these origami supercells in a
lattice with sufficient size on the order of tens of micrometers is
required for experimental characterization and good optical
performance. Inspiring design strategies are highly encouraged
to develop for such technical challenges.542 The efforts along
this line will be very rewarding, because DNA origami-templated
optical metasurfaces could possess unprecedented properties,
including addressability, programmability, and reconfigurability
on the single-antenna level, which cannot yet be offered by other
nanotechniques at visible frequencies.
Fourth, dynamic reconfiguration is another distinct advantage

of DNA origami. A multitude of external inputs to dynamically
reconfigure the assembled nanostructures have been demon-
strated, including temperature control,482 pH changes,543 ion
concentration,59 light,544 DNA,206 RNA,480 aptamers,481

enzymes, proteins,545 and small molecules,546,547 among
others.548−550 A common limitation of the dynamic DNA
structures was the reconfiguration rate, typically below 1 nm/
min. A remarkable DNA-based AuNP motor powered by
chemical fuels was demonstrated by the Salaita group.551 It
could processively translocate on a functionalized flat surface at
an average speed of 50 nm/s. In addition, the Dietz and Simmel
groups reported an electrically driven DNA origami rotary
ratchet motor with a rotational speed of up to 250 rpm,231 which
approached already the speed of natural molecular rotors, ATP
synthase.552 These exciting examples open the pathway to
realizing dynamic nanophotonic devices with high speed and
excellent performance. Fifth, although optical elements of
different materials have been successfully functionalized on
DNA origami, AuNPs and AgNPs remain the major choices for
optical antennas.553 Other metals, such as palladium, platinum,
magnesium (Mg), aluminum (Al), and their alloys with noble
metals, exhibit interesting catalytic properties, yet their optical
responses remained vastly unexplored, when templated onDNA
origami. Particularly, Mg and Al are also excellent candidates for
ultraviolet (UV) plasmonics, as their permittivity becomes
negative in the UV range. Another important aspect is that
metals are very lossy due to their high absorption in the visible
range. All-dielectric NPs, such as Si (silicon) and TiO2 (titanium
dioxide), that exhibit Mie resonances with low losses have so far
been overlooked for DNA-guided assembly. Protocols for
functionalizing all-dielectric NPs on DNA origami will be a
promising solution to creating low-loss nanophotonic devices at
visible frequencies.
Sixth, long-term high performance without degradation is the

fundamental prerequisite for practical optical devices. This
property is still critical for DNA-assembled nanomaterials,
which generally degrade over time. Nguyen et al. suggested
coating DNA origami with an ultrathin layer of silica to prevent
the origami from degradation and aggregation.264 However, the
resulting DNA origami post silica-coating would lose most of the
modification and functionalization possibilities. Strategies to
enhance the rigidity and stability of DNA origami and maintain
all the DNA functions are worthy of further investigation. One
further aspect is the stability of the optical elements, such as
metallic NPs and quantum emitters. This investigation is vital
not only for DNA nanotechnology but also for self-assembly in

general. Seventh, the combination of DNA self-assembly and
top-down techniques is a powerful route to constructing a new
generation of nanophotonic architectures with advanced optical
properties. One of the significant challenges is to accurately
control the positions and orientations of the DNA origami-
assembled nanostructures during their immobilization on a
substrate. The Gopinath, Cha, and Rothemund groups are the
pioneers who brought a remarkable leap forward in exploring
DNA origami patterning on solid supports.494,554−556 To
achieve nanophotonic devices with designated long-range
order, for instance, the aforementioned dynamic optical
metasurfaces based on the PB phase, innovative protocols
have to be developed to enable the correct positioning of each
antenna within a lattice and meanwhile achieve the dynamic
control of each antenna orientation in a fully independent
fashion.
Taken together, since the original proposal of Nadrian

Seeman, the field of DNA nanotechnology has flourished on a
scale that was unimaginable 40 years ago. The invention of DNA
origami by Paul Rothemund has further pushed this field to a
new horizon and fostered a plethora of concepts, models,
methodologies, and applications that were not thought of
before. In particular, DNA origami-engineered nanomaterials
have brought exciting and vastly unexplored research avenues in
materials science, greatly enriching the portfolio of DNA-based
applications. Undoubtedly, the synergetic efforts and collabo-
rations among scientists with different research backgrounds will
continue to bring innovations to this field in the next decade.
There shall always be plenty of room at the bottom to explore,
and we will certainly have much to celebrate at the 50th
anniversary of DNA nanotechnology.
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LIST OF ABBREVIATIONS
ssDNA single-stranded DNA
1D one dimension
2D two dimension
3D three dimension
DX double-crossover
SSTs single-stranded DNA tiles
nt nucleotides
PCR polymerase chain reaction
V brick V-shaped DNA origami structure
DBCO dibenzocyclooctyl
HDO hexagonal prism DNA origami
RH right-handed
LH left-handed
AFM atomic force microscopy
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aTAM abstract tile assembly model
kTAM kinetic tile assembly model
ΔGSE° free energy change of each individual pair of

sticky ends
ΔG° free energy change of single tile attachment
BB boundary bricks
MFPT mean first-passage time
ssOrigami ssDNA and ssRNA origami
mDNA meta-DNA
AuNPs gold nanoparticles
KL kissing loop
bKL branched kissing loops
HCR hybridization chain reaction
TMAPS N-trimethoxysilylpropyl-N,N,N-trimethy-

lammonium chloride
TEOS triethoxysilane
SAXS small-angle X-ray scattering
Ag silver
Nb niobium
CaP calcium phosphate
ACP amorphous calcium phosphate
CaCl2 calcium chloride
SWNTs single-walled carbon nanotubes
HPLC high-performance liquid chromatography
SNAs spherical nucleic acids
FET field-effect transistor
MMONs metal and metal oxide nanoclusters
Pd palladium
Fe iron
Co cobalt
Ni nickel
Au gold
AuNRs/TeNRs gold/tellurium nanorods
PBI polybenzimidazole
IONPs iron oxide nanoparticles
PMAO poly(maleic anhydride-alt-octadecene)
HB helix bundle
MRI magnetic resonance imaging
APPV-DNA (2,5-dialkoxy)paraphenylenevinylene-DNA
poly(F-DNA) polyfluorene-DNA
BCP block copolymer
P3(EO)3T polythiophene poly(3-tri(ethylene glycol)-

thiophene)
DDAO N,N-dimethyldodecylamine N-oxide
PD polydopamine
G4 G-quadruplex
HRP horseradish peroxidase
DNAzyme DNA enzyme
ATRP atom transfer radical polymerization
EY eosin Y
MB methylene blue
ROS reactive oxygen species
TdT terminal deoxynucleotidyl transferase
NADP+/NADPH nicotinamide adenine dinucleotide phos-

phate
FFE free-flow electrophoresis
GOx glucose oxidase
SPDP succinimidyl 3-(2-pyridyldithio) propionate
G6Pdh glucose-6-phosphate dehydrogenase
LDH lactate dehydrogenase
NAD+ nicotinamide adenine dinucleotide
HJ Holliday junction
AZO azobenzene

SLB supported lipid bilayer
CHOL cholesterol
TIRFM total internal reflection fluorescence micros-

copy
DODA DNA origami domino array
RNAP RNA polymerase
BCN bicyclononyne
ORBIT origami-rotor-based imaging and tracking
NTA nitrilotriacetate
IgG immunoglobulin G
BS3 bis(sulfosuccinimidyl)
DIG digoxigenin
NIP 4-hydroxy-3-iodo-5-nitrophenylacetate
NP 4-hydroxy-3-nitrophenyl
SPR surface plasmon resonance
HS-AFM high-speed atomic force microscopy
TMV tobacco mosaic virus
TAL transcription activator-like
TLR9 Toll-like receptor 9
PD-L1 programmed death-ligand 1
TCR T cell antigen receptor
pMHC peptide/major histocompatibility complex
AKI acute kidney injury
DONs DNA origami nanostructures
PET positron emission tomography
FA folic acid
RA rheumatoid arthritis
NO nitric oxide
HBV hepatitis B virus
AAV2 adeno-associated virus serotype 2
siRNAs small interfering RNA strands
GSH glutathione
DCs dendritic cells
dLNs draining lymph nodes
ESCRT endosomal sorting complex required for

transport
VAMP2 vesicle-associated membrane protein-2
E-Syt1 extended synaptotagmin 1
GUVs giant unilamellar vesicles
LUVs large unilamellar vesicles
SUVs small unilamellar vesicles
FRAP fluorescence recovery after photobleaching
CtxA copies of peptide ceratotoxin A
NEOtrap nanopore electro-osmotic trap
LSPRs localized surface plasmon resonances
NV nitrogen-vacancy
FRET Förster resonance energy transfer
CD circular dichroism
CPL circularly polarized light
AuNRs gold nanorods
SERS surface-enhanced Raman spectroscopy
DNA-PAINT points accumulation for imaging in nano-

scale topography
PCP peridinin-chlorophyll a-protein
NPoM nanoparticle-on-a-mirror
ROX carboxy-X-rhodamine
AuNCs gold nanocubes
Mg magnesium
Al aluminum
UV ultraviolet
Si silicon
TiO2 titanium dioxide
ORD optical rotatory dispersion
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(549) Nickels, P. C.; Wünsch, B.; Holzmeister, P.; Bae, W.; Kneer, L.
M.; Grohmann, D.; Tinnefeld, P.; Liedl, T. Molecular force
spectroscopy with a DNA origami-based nanoscopic force clamp.
Science 2016, 354 (6310), 305−307.
(550) Chauhan, N.; Xiong, Y.; Ren, S.; Dwivedy, A.; Magazine, N.;
Zhou, L.; Jin, X.; Zhang, T.; Cunningham, B. T.; Yao, S.; Huang, W.;
Wang, X. Net-Shaped DNA Nanostructures Designed for Rapid/
Sensitive Detection and Potential Inhibition of the SARS-CoV-2 Virus.
J. Am. Chem. Soc. 2022, DOI: 10.1021/jacs.2c04835.
(551) Bazrafshan, A.; Kyriazi, M.-E.; Holt, B. A.; Deng, W.; Piranej, S.;
Su, H.; Hu, Y.; El-Sagheer, A. H.; Brown, T.; Kwong, G. A.; Kanaras, A.
G.; Salaita, K. DNA gold nanoparticle motors demonstrate processive
motion with bursts of speed up to 50 nm per second. ACS Nano 2021,
15 (5), 8427−8438.
(552) Senior, A. E. ATP synthase: motoring to the finish line. Cell
2007, 130 (2), 220−221.
(553) Liu, N. DNA Nanotechnology Meets Nanophotonics; ACS
Publications: 2020; Vol. 20, pp 8430−8431.
(554) Shetty, R. M.; Brady, S. R.; Rothemund, P. W.; Hariadi, R. F.;
Gopinath, A. Bench-Top Fabrication of Single-Molecule Nanoarrays by
DNA Origami Placement. ACS Nano 2021, 15 (7), 11441−11450.
(555) Kershner, R. J.; Bozano, L. D.; Micheel, C. M.; Hung, A. M.;
Fornof, A. R.; Cha, J. N.; Rettner, C. T.; Bersani, M.; Frommer, J.;
Rothemund, P. W. K.; Wallraff, G. M. Placement and orientation of
individual DNA shapes on lithographically patterned surfaces. Nat.
Nanotechnol. 2009, 4 (9), 557−561.
(556) Hung, A. M.; Micheel, C. M.; Bozano, L. D.; Osterbur, L. W.;
Wallraff, G. M.; Cha, J. N. Large-area spatially ordered arrays of gold
nanoparticles directed by lithographically confined DNA origami. Nat.
Nanotechnol. 2010, 5 (2), 121−126.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.3c00028
Chem. Rev. 2023, 123, 3976−4050

4050

https://doi.org/10.1038/ncomms15654
https://doi.org/10.1021/ja4094617?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4094617?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.aau1157
https://doi.org/10.1126/sciadv.aau1157
https://doi.org/10.1021/nn5011914?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn5011914?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41551-018-0317-8
https://doi.org/10.1038/s41551-018-0317-8
https://doi.org/10.1021/nn502058j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn502058j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b09024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b09024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b09024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b00660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b00660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.9b00174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.9b00174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aax3343
https://doi.org/10.1126/science.aax3343
https://doi.org/10.1002/anie.201916390
https://doi.org/10.1002/anie.201916390
https://doi.org/10.1021/nn3022662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn3022662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b01374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b01374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.add1106
https://doi.org/10.1126/sciadv.add1106
https://doi.org/10.1126/sciadv.add1106
https://doi.org/10.1021/jacs.0c01580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c01580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/membranes12020111
https://doi.org/10.3390/membranes12020111
https://doi.org/10.1126/sciadv.abq4834
https://doi.org/10.1126/sciadv.abq4834
https://doi.org/10.1088/1367-2630/18/4/045012
https://doi.org/10.1088/1367-2630/18/4/045012
https://doi.org/10.1021/nl201603a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl201603a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.2207902119
https://doi.org/10.1073/pnas.2207902119
https://doi.org/10.1021/acsnano.1c11328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c11328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b10609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b10609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b01355?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b01355?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41565-022-01283-1
https://doi.org/10.1126/sciadv.1602803
https://doi.org/10.1126/sciadv.1602803
https://doi.org/10.1038/ncomms10591
https://doi.org/10.1038/ncomms10591
https://doi.org/10.1038/ncomms10591
https://doi.org/10.1126/sciadv.1600974
https://doi.org/10.1126/sciadv.1600974
https://doi.org/10.1038/ncomms1452
https://doi.org/10.1038/ncomms1452
https://doi.org/10.1021/acsnano.8b04817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b04817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201706410
https://doi.org/10.1002/adfm.201706410
https://doi.org/10.1126/science.aah5974
https://doi.org/10.1126/science.aah5974
https://doi.org/10.1021/jacs.2c04835?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c04835?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c04835?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c10658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c10658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cell.2007.07.004
https://doi.org/10.1021/acsnano.1c01150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c01150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nnano.2009.220
https://doi.org/10.1038/nnano.2009.220
https://doi.org/10.1038/nnano.2009.450
https://doi.org/10.1038/nnano.2009.450
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

